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Sommario
Il presente lavoro di Tesi di Dottorato è incentrato sugli ausili tecnologici dedicati alla per-
sona con disabilità. Questa categoria di oggetti è conosciuta in ambito commerciale e
accademico con il nome di Tecnologia Assistiva o ancora meglio con il corrispondente
termine anglosassone di Assistive Technology. Con questo nome si indicano infatti una
serie di soluzioni tecnologiche di vario tipo in grado di assistere nella vita di tutti i giorni
le persone con disabilità e spesso di restituire all’utilizzatore una o più abilità non posse-
dute come ad esempio camminare, comunicare, giocare o banalmente cambiare canale
quando si guarda la televisione.
Il concetto positivo di abilità, in opposizione a quello tradizionale che sottolinea inve-
ce una mancanza, è di fatto quello formalmente riconosciuto nelle sedi ufficiali e viene
descritto nella Classificazione Internazionale del Funzionamento, della Disabilità e della
Salute (ICF).
Secondo questo approccio ogni persona, durante la propria esistenza, possiede ca-
pacità e bisogni, e solo nel momento in cui un bisogno non riesce a essere soddisfatto
in maniera indipendente grazie alle abilità possedute, si verifica una mancanza, o un
handicap.
Del resto ogni persona necessita quotidianamente di strumenti per soddisfare i propri
bisogni. Fin dai primordi della civiltà infatti l’uomo ha utilizzato degli strumenti per sempli-
ficare la propria sopravvivenza e acquisire nuove abilità. La famosa amigdala, una pietra
a forma di mandorla scolpita e affilata, è ad esempio uno dei primi attrezzi usati dall’uo-
mo per acquisire nuove competenze, in particolare quella di tagliare tessuti e alimenti di
origine vegetale e animale. Anche e sopratutto al giorno d’oggi la presenza di strumenti
di varia natura è di fondamentale importanza per la persona e la tecnologia si rivela in un
certo qual modo assistiva per tutti.
Nella pratica la differenza fra la persona disabile e non, risiede semplicemente nei
numeri. Le statistiche dimostrano infatti una generale presenza di caratteristiche comuni
che l’essere umano possiede, le quali conferiscono determinate abilità. Esistono casi di
persone dotate di caratteristiche superiori o inferiori alla media, tuttavia non si sono mai
registrati soggetti dotati di abilità differenti dalla statistica mondiale. Ad esempio sappia-
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mo di persone di elevata statura o di particolare forza muscolare, ma non si conoscono
casi di esseri umani in grado di sopravvivere sott’acqua o di librarsi nell’aria. Si cono-
scono invece numerosi casi in cui una o più abilità fra quelle statisticamente presenti
nella maggioranza della popolazione, non siano possedute da una determinata persona.
Le ragioni possono essere molteplici e di svariata natura: trauma da incidente, genetica,
danno neurologico o malattia. In questi casi si può verificare la mancanza di una o più abi-
lita, rispetto a quelle statisticamente prevalenti, come ad esempio muoversi, comunicare
e interagire con l’ambiente circostante. In questi casi allora la tecnologia diventa uno stru-
mento che consente alla persona di acquisire quelle abilità non possedute. Solitamente
in questi casi si parla di Assistive Technology.
In sostanza la persona con disabilità è semplicemente un individuo che utilizza una ti-
pologia diversa di strumenti per eseguire le medesime azioni compiute da chiunque altro.
Volendo usare una terminologia statistica si potrebbe distinguere l’Assistive Technology
impiegata per le persone con bisogni speciali, dalla Standard Technology, usata per chi
invece possiede le abilità statisticamente più diffuse.
Trattandosi quindi di bisogni speciali le tecnologie assistive hanno avuto una storia
e, tutt’ora possiedono una evoluzione, particolare rispetto alle tecnologie standard per
il mercato consumer, questo fatto incide in maniera determinante sulla disponibilità di
soluzioni AT alle persone che le necessitano. Per avere un quadro completo riguardo le
tecnologie assistive occorre quindi considerare molteplici aspetti, non solo lo stato attuale
della ricerca in ambito accademico e industriale, ma anche il mercato e la dinamica della
domanda.
La disponibilità di tecnologie assistive non deve però solo rispondere ad un mercato,
ma all’oggi rappresenta un dovere per la società moderna, in quanto ad alcune persone
garantisce un livello minimo di welfare e di abilità basilari come camminare, comunicare
ed interagire con la propria abitazione.
Per molti anni si è fatto poco e nulla a favore dell’integrazione delle persone con
disabilità nella società civile, e molto spesso ci si è limitati a tenerle in un angolo, senza
realmente investire in una efficace inclusione negli ambienti scolatici, lavorativo e sociale.
Negli ultimi decenni abbiamo però assistito ad una crescente domanda di diritti da
parte delle persone con disabilità e dei loro familiari, e grazie anche a questo è nata
una fiorente attività di ricerca a favore di soluzioni assistive, anche e soprattutto di natura
tecnologica.
Tuttavia la società moderna evolve rapidamente e la tecnologia con essa. L’obiettivo
della ricerca in ambito assistivo è quindi quello di non lasciare indietro nessuno, e di
cercare di dare a tutti le stesse possibilità e le stesse esperienze di vita.
Ovviamente estendere certi tipi di tecnologia a tutti non è facile, e proprio per questo
motivo la ricerca di Soluzioni adatte alla persona con disabilità è una Sfida quotidiana
per i ricercatori impegnati in questo settore.
Nell’elaborato sono analizzati alcuni dei principali contributi dati dal candidato al set-
tore delle tecnologie assistive. Tuttavia, per meglio comprendere le dinamiche e lo sce-
nario della Assistive Technology a livello mondiale, ne sono descritti i più importanti
II
e attuali aspetti, sia tecnologici che di natura economica, mettendo inoltre in evidenza
l’importanza della ricerca in questa direzione.
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Abstract
This work of PhD Thesis focuses on technology dedicated to persons with disabilities.
This category of devices is known in the academic field and also on the market with
the term of Assistive Technology. This name in fact indicates a series of technological
solutions that can assist people with disabilities during everyday life and often return to
the user one or more skills such as walk, talk, play or trivially change channels when
watching television.
The positive concept of skill, as opposed to the traditional one that emphasizes in-
stead a lack, it is in fact the one officially recognized by the world institutions and is
described in the International Classification of Functioning, Disability and Health (ICF).
According to this approach each person, during its existence, has skills and needs, only
when a need can not be satisfied independently by the skills possessed, there is a lack,
or as the reader maybe often hears a handicap. As a matter of fact everyone needs
some tools to meet the own everyday-life needs. Since the dawn of civilization, man has
in fact used tools to simplify his survival and acquire new skills. The famous amygdala,
an almond-shaped sharp carved stone, is for example one of the first tools used by man
to acquire new skills, particularly to cut textiles and food, both vegetable and animal
originated. Especially nowadays the presence of equipment of various kind is absolutely
important for people and the technology is kind of assistive for everyone.
Actually the difference between the person with and without disability, simply resides
in numbers. Statistics show that the human beings possess in general some common
characteristics, which give them certain skills. There are cases of people with character-
istics above or below the average, however, have never registered subjects with different
skills from the world statistics. For example we know of tall people or with particular mus-
cle strength, but are not known cases of humans who can survive under water or hovering
in the air. There are however many cases where one or more skills, among those statis-
tically present in majority of the population, are not owned by a particular person. There
could be many reasons for that: injuries, genetics malformation, neurological damage or
disease. In these cases there can be a lack of one or more abilities, compared to those
statistically prevalent, such as move, communicate and interact with the surrounding en-
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vironment. In these cases, then the technology becomes a tool that allows the disabled
person to acquire those skills not possessed. Usually these tools are referred as As-
sistive Technology. In essence, the person with a disability is simply an individual who
uses a different type of tools to perform the same actions performed by anyone else.
To use a statistical terminology you could distinguish the Assistive Technology used by
people with special needs, from the Standard Technology, used by those who have more
common skills.
As Assistive Technologies is basically for "special needs" it had a past, and still have
an evolution, quite special, especially compared to the standard technology for the con-
sumers market. This fact affects decisively on the availability of AT solutions to people that
need them. To get a complete picture about Assistive Technologies we should therefore
consider many aspects, not only the current state of research in academia and industry,
but also the market and the demand dynamics.
The availability of assistive technology must not only respond to a market, but nowa-
days is a must for modern society, as guarantees to some people a minimum level of
welfare and basic skills such as walking, communicate and interact with their homes.
For many years it has done little or nothing to promote the integration of people with
disabilities in society, and very often they have been simply kept outside society, without
actually investing in an effective inclusion in human environments such as school, work
and social events.
In recent decades, however, we have noticed a growing demand for rights by persons
with disabilities and their families, and also thanks to this a strong research activity in
favor of assistive solutions has born.
However modern society evolves rapidly and technology with it. The objective of the
research on assistive solutions therefore is to leave no one behind, and to try to give
everyone the same opportunities and the same life experiences.
Obviously extend certain types of technology to everybody is not easy, and for this
reason the research for Solutions suited to the person with disability is a daily Challenge
for researchers engaged in this field.
In the elaborate some of the major contributions made by the candidate to the field of
Assistive Technology are presented. However, to better understand the dynamics and the
scene of the Assistive Technology worldwide, the most important and current issues, both
technological and economics, of it are described, highlighting the importance of research
in this direction.
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"Try and leave this world a little better than you found it"
Robert Stephenson Smyth Baden-Powell
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1Introduction
1.1 What Assistive Technology means?
Assistive Technology (AT in the following) is the whole of devices and software that helps
persons with disabilities doing things of every-day life, from the most important ones,
such as communicating, moving, and eating, to the apparently less important ones such
as playing video-games or changing the TV channel. The US Government gives a more
precise and extensive definition: Assistive Technology is any item, piece of equipment
or product system whether acquired commercially-off-the-shelf, modified, or customized
that is used to increase, maintain or improve functional capabilities of individuals with
disabilities [1] According to this definition one of the most used piece of AT is the common
ancient walking stick, like the one in figure 1.1.
A piece of AT is for instance a mechanical tool, such as a wheelchair or a simple stick
that helps you to press a button on a keyboard. It can also be an electronic device, such
as a joystick or a Human-Machine Interface (HMI) that lets a child using a video-game.
But it can also be a software that lets you communicate by means of a PC. Moreover an
AT device is frequently a combination of all the previous technologies, like the electronic
wheelchair or a specific HMI with its own dedicated software.
However we nowadays refer to AT devices when there is something technological
inside, for instance even though a walking stick is very helpful for people to walk better
and safely, we do not call it a piece of AT since it has no relevant technology inside,
instead a smart cane with embedded GPS and private alarms, used by a blind person, is
usually considered an AT device.
Assistive Technology is slightly different from medical and bio-medical technology. In
fact technology for medicine concerns mainly the health of a person, with or without dis-
abilities, and is used to investigate a possible disease or as a treatment, or sometimes
to keep a patient alive. Things like sonogram, FMRI (see figure 1.2), endoscopy, peace-
maker, x-ray, life-support system and many others are conceived to help physicians dur-
ing diagnosis or to provide an effective cure for the patients. Assistive Technology instead
eases actions of every-day life to people with disabilities.
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Figure 1.1:
A common
walking stick
Figure 1.2: An MRI machine
For people with disabilities AT is nowadays as essential as a medical treatment, in fact
is strictly related to the quality of life. The importance of AT is also underlined by important
international documents such as the UN Declaration of Human Rights [2], which states
that health is not only related to being alive, but also to some specific rights and to welfare.
As one of the most important cornerstone of modern medicine is to give the patients a
higher quality of life, medical and assistive technology are often mixed together in order
to provide (or to bring back) to the patient a certain ability or even a sense. For instance
a prosthesis is mainly a piece of AT but it is designed together with physicians and is
implanted by a surgeon. Other examples are the orthopedic corset that keeps the user in
a correct posture and avoids spine diseases, and the cochlear implant, a small electronic
device implanted inside the cochlea that can bring back the hearing sense even to people
with severe hearing loss.
In fact quality of life of people with disabilities is the most important keyword for the
development of AT, and it is basically the common thread of the whole research about AT
in the recent decades.
1.2 Who benefits from Assistive Technology?
Assistive Technology is used mainly by individuals with disabilities and, in addition, by
their relatives and caregivers.
Everyone probably knows, or met in the past, a person that uses AT, for example a
person who broke a leg and had to stay for a month on a wheelchair, so basically there
is plenty of disabled persons in the world. Moreover, generally speaking, each of us is a
potential disabled person, as when we will hopefully get old and old (figure 1.3) we will
begin to lost some abilities like running, jumping, climbing stairs, remembering things,
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talking in a clear way and so on. There is an interesting study that shows how everyone
in his life is a disabled person for a certain period of life, an average time of 5 years [3].
A disability can in fact occur for many reasons: it can be basically caused by genetic
issues, it can occur after an accident or a disease, or indeed been acquired for age-
related issues. It is quite common to consider an elder person with walking issues just an
old person, not a disabled one, but actually that person will need the same wheelchair as
a young boy affected by paraplegia, so basically there is no difference, they are disabled
the same way. As well-known there are several types of disability, firstly identified and
coded by the World Health Organization (WHO) in 1980 in the International Classification
of Impairments Disabilities and Handicaps[4]. But nowadays the approach to disability
has radically changed.
At present in the official ICF [5] (see figure 1.4) document the word "disability" is al-
most not mentioned, as the document has a positive approach and classifies the ability
instead of the disability, then it puts into relation the ability with the environment (the
persons’ needs) and only if the two things mismatch the result is an handicap. This ap-
proach is opposite from the previous ICIDH [4] and understanding correctly the difference
it is quite tricky.
Figure 1.3: Elderly
Figure 1.4: ICF classification
Let’s think for instance that your need is to fly: you need at least two wings, and the
ability to move them in the right way. Since you obviously cannot do it you are basically
flight-skill handicapped compared to a bird, but if your need is just to walk your legs and
feet are good enough for the purpose so you basically are not walk-skill disabled.
In this thesis work we will not go through the definition of what abilities and handicaps
are, as it is fully treated in many other works. Thus we will adopt a classical approach
to disability, since it is easier to understand also for non-skilled readers. In this classical
approach disability is mainly divided into three categories:
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1. Motor-skill disability: any disability related to movements, mainly focused on upper
and lower limbs
2. Sensorial disability: the one related to senses, in most cases blindness, hearing
losses and other mixed sensory loss
3. Mental disability: pathologies related with brain injuries or mental retardation. Most of
the times brain injuries lead also to motor-skill and sensory issues.
In figure 1.5 you see a symbolic representation of classical disability categories. Since
hearing losses and blindness are quite common and are the most relevant sensory losses
we usually refer to them as two separate categories, as other sensory losses like taste,
smell and touch lead to minor issues compared to hearing and sight.
Figure 1.5: Symbols of different types of disability
In a relevant number of cases a person has more than one disability at the same time,
since an injury can involve several body districts and neural issues often affect body also.
Actually each disabled person is almost unique, thus will have her/his singular needs.
1.3 When Assistive Technology born?
People with disabilities have always existed from age to age, actually since human life
arose on the Earth. The one thing that changed in the last decades is the perception of
disability and disabled people. We are not treating in this work the condition of people
with disabilities in the past, but it is useful to give some hints to understand how was the
condition of people with disabilities just few decades ago.
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Before ’900 people with disabilities did not have any specific law to protect their rights
and most of the time they were treated as inferior or even second-rate. Just think that,
according to the ancient legend of the Greek city of Sparta, infants with any kind of
weakness or malformation were unwanted and left to the Taigeto mount[6].
Another interesting example is the story of how the word handicap born; this word is
in fact now commonly used to indicate a person with a disability.
In 1504 after a war in England, there were a great number of disabled veterans. Since
those people cannot find a job, King Henry VII proclaimed that begging in the streets
was legal for people with disabilities. So the veterans went into the streets, with their
"cap in hand", to beg for money, (see figure 1.6) and this fact originates the terminology
"hand-in-cap", then "handicap". [7]
Figure 1.6: A person begging for money in the street with a cap in his hand
People with disabilities had actually begun to claim their rights after World War II,
particularly in the USA, since many veterans suffered injuries caused by the battles, for
instance the amputation of an arm or leg. Because of this fact and also thanks to the
general welfare increase, in Europe and the North-America, people with disabilities and
their families started complain against architectural barriers and ask for specific laws to
protect their own rights.
Then since ’50s and ’60s the condition of persons with disabilities has slowly but
constantly improved, therefore more AT solutions have been invented and developed,
according to the new needs of disabled people.
Nowadays AT is both a well-known research topic and commercial business: many
books have been written about AT, a lot off-the-shelf products exist, a great number of
universities work on this topic and several scientific conferences take place every year
about it. But since users’ need increase every day AT is still an ongoing topic, with many
mature devices but a lot of new potential research and development outcomes.
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1.4 Why Assistive Technology?
AT provides innovative solutions that enable individuals with disabilities to be more in-
dependent, productive, and included into their communities. The benefits of AT were for
example recognized by the Congress of the USA in 1988, when it passed the Technology-
Related Assistance for Individuals with Disabilities Act.
Today many people with disabilities are breaking barriers through the use of technol-
ogy. For instance the availability of AT devices and services enable some individuals with
disabilities to:
1. Have greater control over their own lives
2. Participate in and contribute more fully to activities in their home, school, work envi-
ronments, and in their communities
3. Interact to a greater extent with non-disabled individuals
4. Benefit from opportunities that are taken for granted by individuals who do not have
disabilities
We said that AT is mainly related with person’s welfare, since it is not essential for
keeping people alive but it mostly concerns to the ability of a person to do or not a certain
thing. However in a modern society is not acceptable that an entire category of persons
cannot reach a basic quality of life, and so AT become an essential part of the health
system almost in every developed country. In fact those countries with higher quality of
life have better AT systems and solutions, and specific laws to protect rights of disabled.
[2]
Moreover AT can really improve social inclusion of people with disabilities. Sport for
instance is one of the most hard and difficult activities also for human beings without dis-
abilities, but with AT sports become accessible and popular for everyone (see figures 1.7
and 1.8). Let’s think for example at international sports events such as Paralympic Games
that take place every four years.
At the end AT devices are efficaciously providing opportunities for many individuals
who have significant disabilities to actively participate in the daily experiences that a
person without disabilities enjoys. AT offers them a chance for active participation.
The benefits are enormous. Not only the impact of being included in a regular class-
room environment will be felt, but also being included in life is now a reality, where in the
past it was not even a remote dream.
Life is all about communicating and interacting with one’s environment. An inclusive
environment promotes interactions of various kinds for all individuals. Students talk to
each other, sharpen pencils, tell jokes, and write names on their papers to cite a few.
Through the use of AT devices, opportunities for individuals with significant disabilities can
be enhanced. In combination, they support each other for the benefit of the individuals
with significant disabilities to become a purposeful member of a community and succeed
to their fullest potential in life.
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Figure 1.7: A race wheelchair
Figure 1.8: Wheelchair basketball
1.5 Focus and organization
This PhD Thesis will present some innovations made by the candidate in the field of As-
sistive Technology, both independently and under the supervision of his professor, and
within research teams comprising industrial partners. These innovations regard particu-
larly the social inclusion of individuals with disabilities in human environments like home,
school and outdoor.
Before illustrating the candidate’s research activities we will analyze in details the
socio-economic aspects of AT and we will provide an overview of the latest developments
in this field, both regarding the research and the market.
The thesis is organized as follows: in chapter 2 we see the AT market and we make
a comparison between it and the consumer’s one, to stress the importance of research
and development by university and public research centers. In chapter 3 we have a look
to the state of the art of AT both research and off-the-shelf products, and we give some
important hints about the difficulties for many prototypes to become a product. In chapters
from 4 to 8 we see instead some of the most relevant contributions of the candidate to
the AT research.
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2Assistive Technology Nowadays
At present Assistive Technology is a unique and strange matter. As we said in chapter 1
having an AT device is for many people a basic need, like eating and breathing. In fact a
relevant number of individuals uses AT for mandatory tasks like communicating, getting
information, getting around and other urgent needs. AT is in these cases more similar
to a therapy than a tool. But on the other hand AT devices are often a mix of ICT-based
and mechanical tools, close related to products such as consumer electronics, white and
brown goods, home and office software, means of transport and others. For instance an
electronic wheelchair is similar to an electric bicycle, with the exception that it is designed
for individuals that cannot use lower limbs; a mouse emulator has the same functions
as a typical mouse but it can be operated in a different way, for instance more handy for
persons with upper limbs disabilities; software for students with attention disorders are
written in the same languages as any other educational program, but they are designed
to help these students to learn in a more proficient way. As a matter of fact AT devices
are made and developed exactly as most of other products with the important difference
that they are designed to fill the gap between capabilities of people with and without
disabilities. The development for new AT solutions is thus driven on one hand by users’
needs, on the other hand by usual market laws. However there is a third player: as AT
devices are related to basic welfare they are often provided by the health systems, both
public and private, and this has a strong influence on prices and availability of AT devices.
Because of these three drivers the AT scenario has its own singular dynamics and issues.
To better understand the AT scenario at present and why research of new AT devices is
so important for humankind it is essential to know how the research and development of
new AT solutions is influenced by the market itself. Moreover it is also useful to look at
the differences between the AT market and the consumer one. In this chapter we briefly
illustrate some aspects of the present mass market, and see how numbers lead R&D in
this field. Then we will look at the present status of AT market, and put this in comparison
with the consumer’s one. Finally we will underline the importance of AT research and
development.
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2.1 Nowadays consumer electronics market
Electronic devices have been one of the most important economy drivers of the past
century and their market is still one of the most growing in the world. As well-known the
so-called white and brown goods have been some of the most successful products since
’50s, together with cars and pharmaceuticals, but as opposite to others who suffered
from periods of crisis, the consumer electronics market have always been healthy and
dynamic, in fact in the last years its increase has never stopped. As example see the
figures 2.1 and 2.2, they represent the sales of electronic goods throughout the worst
years of the last economic crisis, in US between 2007 and 2012 and in Japan between
2004 and 2010.
Figure 2.1: Electronic goods sales in USA between 2007 and 2012
The consumer electronics market is so strong that even in a period of crisis also
the "old" electronic goods like washing machine, radio, television, fridge, kitchen robot,
oven and many others can increase their wholesales. However in the last decades many
other successful electronic goods have been introduced, such as personal and portable
electronics. In fact nowadays everyone has at least a dozen of personal electronic devices
for entertainment and communication: phone, notebook, desktop PC, LCD screen, TV,
radio, CD-DVD player, electric shaver, mp3 player, USB pendrive, gaming console, tablet
and obviously a smartphone. In particular some of these personal devices belong to
a newer generation of ICT products featuring VLSI electronic processes and extremely
reduced power consumption, thus they can be operated in almost every place and can be
integrated in any other system, for example a car. As a matter of fact the new generation
of electronic devices is now pervasive in every human environment, the so-called Internet
of Things (IoT) – i.e. every device is linked to a common network, and to the Internet as
well.
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Figure 2.2: White and brown goods sales in Japan between 2004 and 2010
In the future also the classic goods, like the fridge or the oven, will be connected to
the Internet and they will have a microprocessor and a small operating system inside, so
the owner (or anyone else) will be able to control their functions thousands of kilometers
far away, as well as being in front of them.
Furthermore we see that also other old well-known products like cars, furniture and
even houses will integrate electronics and software. We see in fact that cars are becoming
smarter, since they will soon embed the same hardware and software as smartphones.
Google and Apple have already announced their own solutions, you can see them in
figures 2.3 and 2.4.
Figure 2.3: Android Auto Figure 2.4: Apple Car Play
Another hot topic related to IoT is home automation. Despite of the fact that home
automation has been invented many years ago it never really became a break-through
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business, but, as you can see in figure 2.5 it is one the most growing expected business
in the next years [8].
Figure 2.5: Smart Home Expected Growth 2013 - 2018
However the absolute leaders of consumer electronics market in the last years are of
course portable devices such as smartphones and tablets. The numbers are impressive:
as you can see in Tables 2.1 and 2.2 the three-months sales, respectively of mobile
phones and smartphones in the world, reach around 450 million units [9], almost 300
million are smartphones.
This market is so important that every company must invest millions in research and
development in order compete with other companies and sell its products.
As you can see in Table 2.3 companies that invest more in research and development
are those with biggest consumer market size: automotive, pharmacy and ICT. For exam-
ple it is estimated that Samsung in 2014 invested $ 13.4 Billions in R&D and Volkswagen
around $ 13.5 Billions [10].
A good example of how market can lead the investments was the famous Moore’s law.
This is an observation by Gordon Moore in 1965. In fact he noted that, over the history
of computing hardware, the number of transistors in a dense integrated circuit doubles
approximately every year. His prediction has proven to be accurate, in part because the
law was used in the semiconductor industry to guide long-term planning and to set targets
for research and development (see figure 2.6). Nowadays the period is quoted as 18
months because of Intel executive David House, who predicted that chip performance
would double every 18 months, being a combination of the effect of more transistors and
their being faster.
The capabilities of many digital electronic devices are strongly linked to Moore’s law:
quality-adjusted microprocessor prices, memory capacity, sensors and even the number
12
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Worldwide Mobile Phone Sales to End Users by Vendor (Thousands of Units)
Company Units Market Share Units Market Share
3Q14 (%) 3Q14 3Q13 (%) 3Q13
Samsung 94,017.8 20.6 117,060.8 25.7
Nokia 43,134.2 9.5 63,058.8 13.8
Apple 38,186.6 8.4 30,330.0 6.7
LG Electronics 18,976.8 4.2 18,046.3 4.0
Huawei 16,324.3 3.6 13,574.8 3.0
TCL Communication 15,955.5 3.5 13,311.0 2.9
Xiaomi 15,772.5 3.5 3,617.5 0.8
Lenovo 15,131.5 3.3 12,999.8 2.9
ZTE 13,857.6 3.0 13,697.3 3.0
Micromax 10,172.4 2.2 6,786.5 1.5
Others 174,255.4 38.2 163,223.8 35.8
Total 455,784.7 100.0 455,706.5 100.0
Table 2.1: Worldwide Mobile Phone Sales to End Users by Vendor in 3Q14
Worldwide SmartPhone Sales to End Users by Vendor (Thousands of Units)
Company Units Market Share Units Market Share
3Q14 (%) 3Q14 3Q13 (%) 3Q13
Samsung 73,212.4 24.4 80,356.8 32.1
Apple 38,186.6 12.7 30,330.0 12.1
Huawei 15,934.9 5.3 11,665.7 4.7
Xiaomi 15,772.5 5.2 3,617.5 1.5
Lenovo 15,011.9 5.0 12,882.0 5.2
Others 142,891.6 47.5 111,445.0 44.5
Total 301,009.9 100.0 250,297.0 100.0
Table 2.2: Worldwide Smartphone Sales to End Users by Vendor in 3Q14
and size of pixels in digital cameras. All of these are improving at roughly exponential
rates as well. This exponential improvement has dramatically enhanced the effect of dig-
ital electronics in nearly every segment of the world economy.
Moore’s law well describes the driving force of technological and social change, pro-
ductivity, and economic growth of the last thirty years. In fact the high demand for new
and faster electronic devices led as well the R&D in this field, with exponential growing
rate.
Furthermore all these investments usually arrive on the consumer market very soon
because the so-called time-to-market of any innovative ICT product became extremely
short, thus the companies must maximize the revenues as much as possible by putting
products on the market the sooner as they can. A good example of how the market can
intensely drive the availability of innovative products is shown in figures 2.7 and 2.8. In
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2010 2011 2012 2013 2014
Roche Roche Volkswagen Volkswagen Volkswagen
Microsoft Pfizer Toyota Samsung Samsung
Nokia Volkswagen Novartis Roche Intel
Pfizer Novartis Roche Intel Microsoft
Toyota Microsoft Pfizer Microsoft Roche
Volkswagen Merck Microsoft Toyota Novartis
Novartis Toyota Samsung Novartis Toyota
Johnson &
Johnson
Samsung Merck Merck Johnson &
Johnson
Boeing Nokia Intel Pfizer Google
GlaxoSmithKline GM GM Johnson and
Johnson
Merck
Sanofi GlaxoSmithKline Nokia GM GM
Samsung Johnson &
Johnson
Johnson &
Johnson
Google Daimler
Merck Intel Daimler Honda Pfizer
IBM Panasonic Sanofi Daimler Amazon
Intel IBM Panasonic Sanofi Ford
Siemens Sanofi Honda IBM Sanofi
Cisco Honda GlaxoSMithKline GlaxoSmithKline Honda
Panasonic Daimler IBM Nokia IBM
Honda AstraZeneca Cisco Panasonic GlaxoSmithKline
Daimler Cisco AstraZeneca Sony Cisco
Table 2.3: Top investments in Research and Development between 2010 and 2014
these pictures the evolution of one of the most successful smartphones on the market,
the Samsung Galaxy S Series, is reported. As you can see every year the updated de-
vice embeds new notable technology improvements compared to the previous and the
performances nearly doubles every year.
So basically bigger is the market and sooner the R&D become available to consumers
as a product. But are the new products really innovative compared to their previous gen-
eration? Probably the answer is not unique. As well-known the consumer market is kept
up by the creation of new needs.
As you can see a first-generation Galaxy S smartphone seems really similar to a
recent Galaxy S5: it basically has a screen, it can do calls, it can surf the Internet, but
S5 does all better than any previous version, for this reason many consumers desire the
new product instead of the old, even though the one costs ten times the other.
Another basic mechanism of the consumer market is the integration of a new func-
tionality into an old device. For instance a fridge with LCD display is basically a fridge like
others but more attractive to the market, and also a flat LCD TV with Internet connection
14
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Figure 2.6: Transistor Count and Moore’s Law until 2011
Figure 2.7: A picture of the Samsung Galaxy S Series between 2010 and 2014
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Figure 2.8: Performance evolution of Samsung Galaxy S Series
is more engaging than the old standard plasma TV. Even though they do the same thing,
one does better than the other.
Smartphone again is a successful example of creating new needs. Before Apple in-
vented iPhone people used the mobile phone to call and the laptop to surf the Internet,
and everyone was right with that. After the invention of the smartphone with apps most
of people started needing to have Internet everywhere. This is basically very useful, but
not a real need.
As you can see companies basically create new and new needs every year, in order
to increase the market and attract more consumers.
In the following section it is instead shown a market made of real needs, such as mov-
ing, communicating, learning, working and sharing life with friends and relatives. This is
the Assistive Technology market for which numbers do not guarantee large R&D invest-
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ments as well as the consumers’ one, despite of companies are not obliged to invent new
needs to sell their products, but just ask to the users.
2.2 Assistive Technology market scenario
In the previous section it was briefly shown how big is the market of consumer electronics
and how substantial can be the investment in research and development by companies
to compete on the market. In this section we see instead the AT devices market and we
put it in comparison with the consumer’s one, to understand which is the main driver and
why research in this field is so important.
As said before Assistive Technology devices are equipment that allow individuals have
a better life. Unlike most of consumer products, AT devices usually just fill the gap be-
tween capabilities of individuals with and without disabilities.
Thus an AT device born essentially by a real user’s need. For instance the need to
communicate, hear, learn, move, eat and control the environment. All these basic needs
can be accessible even to people with severe impairments, thanks to the right AT device.
This way any good AT solution that allows a disabled person to do something, that before
was impossible, will find at least a user that would buy it. Apparently it seems a good
market segment but instead the investments are really low as the costs for R&D are very
high and the revenues can be as low as they cannot cover the investment.
One of the most important reasons for this is the market fragmentation. People without
disabilities have almost the same needs and use almost the same devices to satisfy them.
Everyone who need to call use a phone; everybody who needs to open a bottle uses his
hands; everyone who must reach a place go walking or take either a car or a bicycle, or
the public transport and so on.
People with disabilities have instead issues and needs very different one from each
other. Some of them have motor-skill issues, some other are blind, others have neural
diseases, and many other types of disabilities can occur. Furthermore people with dis-
ability, to accomplish the same task and satisfy the same need as anyone, must use a
specifically designed device. For instance a person with hearing losses has no problem if
he would like to go to a supermarket and buy stuff but a person with mobility impairments
can have several difficulties to do the same thing. On the contrary the person with hear-
ing losses will have problems with verbal communication while the person with mobility
impairments do not.
As a matter of fact disability is a very complicated issue and there is a lot of com-
binations that make every disabled person a special person with singular needs. This
means that AT devices are most of the time applicable to a specific kind of disability and
to a specific task to be accomplished, so they are neither general purpose nor suitable
for everybody. This fact leads basically to a very fragmented market with an extremely
reduced number of consumers for each product. For instance as reported by the National
Agency for the Neurological Disease and Stroke of USA in the National Amyotrophic Lat-
eral Sclerosis (ALS) Registry in USA there are about 12.000 person with a percentage of
17
CHAPTER 2. ASSISTIVE TECHNOLOGY NOWADAYS
3,9 on 100.000. These numbers unfortunately do not allow to a big consumer market as
the portable devices one.
We see in figure 2.9 one of the biggest AT markets in the world: the USA. As you can
see it is expected in 2016 a total market size much lower than $ 100 Millions, clearly very
far from consumer one.
Figure 2.9: US AT market size 2010 - 2016
AT market is mainly composed of small companies with a very small business, and
each company usually develops a specific type of AT device. The little business causes
respectively scarce investment by private companies and so very low availability of new
commercial AT solutions. But also causes higher cost of AT devices. Furthermore in many
countries, particularly those that have a public health system, the AT devices are provided
by the national health system and in some cases companies leverage on this fact to
increase prices since that the health system generally pays less attention about costs
than the private customer. This fact leads to a general stillness of prices, as opposite to
the consumer market.
As example let’s consider that a commercial AT device can keep its high cost for more
than ten years, instead the price of a brand new consumer device, like the one in figure
2.10, generally lowers in few months and can even become half in a couple of years.
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Figure 2.10: Price Trends of Galaxy S Series reported by Idealo
2.3 The importance of research and development of new AT
solutions
2.3.1 Private and public research
In the previous paragraph we said that companies cannot decrease the price of AT solu-
tions because the market is too small and they risk not to get enough revenues with lower
prices. But on the other hand customers with disabilities do not buy more AT devices be-
cause they are too expensive. Furthermore many companies prefer selling few products
at high price instead of many at a low price. This way the AT market will never grow up
and will stay in the same loop forever.
For those reasons public research can play a fundamental role in the research and
development of new AT solutions. As we will see in chapter 3 there are many open-
source projects for disabled people, particularly software that allow communication and
environmental control.
Actually R&D for AT is quite low compared to the consumer electronics market. The
development of AT devices is often demanded to the users themselves who ask to a
friend, a relative or a caregiver to find a solution to the impairments. A relevant number
of AT devices are literally handcrafted or are handmade by mixing some commercial
solutions, also taken from the consumer market.
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As we said a disabled person is almost singular and often needs a solution that is
unique in the world. It is obviously not easy for a company to sustain a business in a
market with a single or a few of customers, that is the reason why the public health system
must be involved in the development of a specific solution for the disabled individual.
Developing good solutions for persons with disabilities is not only a duty but also a
challenge for researchers.
University can certainly invent and build prototypes of new AT solutions then release
the project freely, but cannot take them on the market, that should be the role of the
industry, otherwise persons with disabilities will not benefit of this public research.
However some important examples of university researches brought to the users with-
out passing from the consumer market are reported. For instance at the prestigious Mas-
sachusetts Institute of Technology Professor Seth Teller started in 2011 a course named
Principles and Practice of Assistive Technology. This is an interdisciplinary class in which
small teams of students work closely with a person with a disability in the Cambridge area
to design a device, or piece of equipment, or an app, or another solution that is able to
help the person live more independently. Over the course of the term, each team meets
with its "client", iterates through multiple prototypes, and learns about the challenges and
realities of designing AT for people with disabilities. Some examples of past projects have
included:
1. An iPhone app for detecting clothing colors and patterns to help a blind person dress
independently;
2. Binoculars for birdwatching that are accessible without the use of hands;
3. A bicycle with sensing and a haptic interface designed for a blind ride;
4. An Android-based task reminder and sequencing system for a person with a brain
injury causing deficits in working memory;
5. A blind-accessible modification to an otherwise inaccessible espresso machine;
6. A customized mouse event handler for someone using only his eyes to control the
mouse;
7. Voice-controlled tablet-based software to control various aspects of the user’s envi-
ronment;
8. A custom "no-spill" spoon for a person with a spinal cord injury to eat more easily.
Along with the project, the course includes guest lectures from clinicians in rehabilita-
tion, human-computer interface experts, product designs, and people living with physical
or cognitive impairments, and lab exercises in which students use and evaluate various
assistive technologies. So basically during the course students face real users’ needs
and try to find an ad-hoc solution to them.
2.3.2 Age trends and New Drivers
Big companies do not consider the AT market as a real business and it seems that they
usually insert facilities for disabled users just for ethical reasons or because of specific
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laws. Actually none of the most important technology companies worldwide offers any
official equipment or accessory dedicated to people with disabilities. For instance there is
no accessible official game controller for any console, and there is no HMI for motor-skill
disabled user by any smartphone company.
However some important statistics reported a general increase of AT business, driven
by aging trends, see figure 2.11 and the higher demand for rights from associations of
persons with disabilities and their relatives.
Gartner said that people with disabilities (PWD) are an underserved market segment
with one billion people worldwide. They and their immediate friends and family have an
annual disposable income of more than 8 trillion [3].
Figure 2.11: US aging trends
2.3.3 Public and private RD in Europe
Nowadays research and development in any field of AT is promoted mainly by universities
and public research centers with only few exceptions. As a proof you see that most of the
members of relevant associations of researchers in the field of AT are employed at univer-
sity, public research centers and public health systems. Among these associations some
of the most important are: the Association for the Advancement of Assistive Technology
in Europe (AAATE): the Rehabilitation Engineering and Assistive Technology Society of
North America (RESNA), the American Association on Health and Disability (AAHD), the
Rehabilitation Engineering Society of Japan (RESJA) and the Australian Rehabilitation
and Assistive Technology Association (ARATA), however almost every developed coun-
try has its own association of specialists and researchers in the field of AT. The focus
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of all these associations is the advancement of rehabilitation and assistive technology
for disabled individuals, through activities including conferences, special interest groups,
websites, list servers, membership directory and newsletters. Most of them are also a
signatory of the Tokushima Agreement between allied organizations in Japan, Europe,
America and Australia. The aim of this agreement is to foster cooperation between these
organizations and their members.
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As we said in chapter 2 the development of new AT devices is mainly promoted by the
disabled users’ needs, as opposite to research for the consumer market which sometimes
invents "new needs", in order to open new segments and increase sales. We have seen
it for instance in the last years with smartphones and nowadays with smartwatches and
interactive glasses. People do not really need a smartwatch but at the end many persons
will buy it because they desire it.
Instead R&D in the field of AT is mainly focused on the "basic" needs. Since AT market
segments are often too small to develop a sustainable business, a large part the research
do not end in a commercial-off-the-shelf product and unfortunately most of the times
researchers try at their best to build a prototype, barely usable and not suitable for being
extensively tested by a user in a real scenario. Very few products reach the market and
are available to people who need them, but also in these cases prices are too high, so
the wholesales are very low.
This chapter is intended to give to the reader an overview of what are the most
innovative devices in the field of Assistive Technology, both research prototypes and
commercial-off-the-shelf products. We will go through a relevant number of examples
of break-through technologies and researches that would really improve the quality of life
of individuals with disabilities. Unfortunately, as we will see, most of them are not com-
mercial off-the-shelf products at the moment, and perhaps will never become because
of the market rules. Since the candidate’s PhD curriculum is connected with electronic
technologies all the examples are mainly connected with this topic.
For a better readability the topics are divided into various sections, according to the
old ICIDH classification of disability [4].
3.1 Technologies for motor-skill disabilities
Persons with motor-skill disability are those with any kind of problem at moving one or
more body districts. Most of elderly have some motor-skill issues, walking for example, but
most of them uses a traditional help, like a stick or a tool that facilitates keeping balance
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and walking. The most common motor-skill disability is the lower limb paraplegia, usually
caused by an injury, for instance a car accident, or a severe disease. However there is
also a relevant number of persons with other kinds of motor-skill impairment such as,
muscular weakness, quadriplegia or lack of coordination caused by muscular spasticity.
These persons can now proficiently interact, learn, work, play, getting around and
do many other things thanks to AT devices. Nowadays in fact there are many solutions
that help motor-skill disabled people, from the well-known ones like the wheelchair to
the most innovative one like the Brain-Computer Interfaces (BCI). In this section we will
briefly analyze some of the most advanced solutions about mobility impairments, both
regarding commercial products and the state-of-the-art of research and development.
3.1.1 Innovations to improve movement and displacement
Wheelchairs are some the most widespread assistive devices but they are also those
which benefit from the most relevant investments in the last decades, since their market is
quite big. Those investments are mainly focused on the development of a new generation
of smart wheelchairs that embeds new capabilities and newer technologies. However,
despite of the progress the smart wheelchair community made within its ten years of
existence [11], there is still a lot of work to do before such devices will be commercially
available. The most common wheelchair is still the manual one (see figure 3.1), equipped
with two big wheels and two small, and it is operated by hands. The other quite common
type is the electric powered one [12], the one in figure 3.2.
Figure 3.1: A manual wheelchair
Figure 3.2: An electronic
wheelchair
In the last years several research groups and companies did research about improv-
ing the displacement capabilities and ensure more safety for wheelchairs. For instance
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Johnson & Johnson Independence Technology invested $ 50 million to develop iBOT
4000, a smart wheelchair that is able to climb the stairs, see figures 3.3 and 3.4.
Figure 3.3: One of the latest version of
iBOT
Figure 3.4: How iBOT can improve
wheelchair capabilities
iBOT 4000 was commercially available by the end of 2001, at about $ 25,000, but
unfortunately it was discontinued during 2009 and its support service ended in 2013.
Despite of its high quality and very good behavior it was an unsustainable business.
Recent articles shows a new interest in that project but unfortunately the iBOT wheelchair
is still not available on the market.
Another example of desirable technology far from its commercialization is the obsta-
cle collision avoidance system for wheelchairs. Apparently it seems a useless system but
it would instead be a very useful feature in many cases. For instance people with a lack
of strength to manually propel themselves a wheelchair, require a powered wheelchair.
However, powered wheelchairs are not appropriate for older adults with a cognitive im-
pairment, such as dementia or Alzheimer’s disease, as they do not have the cognitive
capacity required to effectively and safely manage the wheelchair. The safe control of a
powered wheelchair requires a significant skill level, attention, and appropriate behavior.
It not only requires the driver to have the ability to control the wheelchair, but also to be
constantly aware of the surroundings in order to not crash into surrounding people, ob-
jects, and walls. Aggressive and unpredictable behavior makes wheelchair use unsafe for
both the user and others sharing the environment.
Currently there are an estimated 15 to 18 million people worldwide who have been
diagnosed with dementia with this number expected to reach 34 million by 2025 [13].
There have been many reported incidents of older adults being injured as a result of a
powered wheelchair being driven into them, or into their cane or walker, resulting in a
fall to occur. As a result, many care institutions (e.g. hospitals, long-term care facilities,
etc.) have implemented policies that restrict driving for reasons of safety, especially for
residents with cognitive impairment. [14]
On the other hand reduced mobility results in reduced quality of life. The combina-
tion of social isolation, limited life space and choice, learned dependence (e.g. requiring
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someone to push a manual wheelchair), frustration, and limited autonomy likely con-
tributes to symptoms of depression and exacerbation of cognitive impairment. If it is
possible to provide these users with some level of independence, irrespective of abil-
ity, without placing the person or others at unreasonable risk, then it may be possible to
reverse some symptoms of depression and cognitive impairment and improve quality of
life. For these reasons several projects tried to develop an effective obstacle avoidance
system. For instance the Wheelchair Obstacle Avoidance Helper (WOAH) project is the
application of 3D sensor systems to adapt a commercial powered wheelchair so that it
can be driven safely by users with cognitive and other complex impairments, see figure
3.5. However this prototype has not been integrated into any existing wheelchair and is
not commercially available.
Figure 3.5: Collision avoidance system from WOAH project
Other important research activities regard autonomous and automatic navigation for
wheelchairs. Nowadays GPS receivers and satellite navigation systems are very common
and quite cheap. so they are embedded in several different devices. Despite of a phone
is designed to talk and a wheelchair is designed to get around, GPS modules are on the
contrary embedded in many smartphones and not in wheelchairs.
Actually several groups have been carrying out researches about autonomous wheelchairs
and in the next generation of wheelchairs it is expected an integration with mobile ser-
vices plus a satellite and indoor navigation system. There is also a few of commercial
smart automatic wheelchairs which embed an auto-navigation system, such as the futur-
istic one developed by DAYA robotics that you can see in figure 3.6.
The NADIA (NAvigation for DIsability Applications) Project [15] was instead intended
to develop a complex satellite navigation system specifically designed for blindness and
wheelchair mobility, so avoiding stairs, sloping ways and hazardous areas for examples.
The main objective of the project was to provide the target users (blinds and disabled on
wheelchair) with the possibility to experience end-to-end solutions and prototype products
improving mobility in secure and safe conditions. The NADIA Project ended in July 2009
with the implementation of a demonstrator, that has been experimented and tested by
the users in a real urban scenario. Users have actively participated to the project by
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Figure 3.6: Futuristic Wheelchair with Auto-Navigation by DAYA Robotics
supplying their needs and specifications and by remarking positively the initiative. The
company which developed the project thought about finance a pre-operational project
that, starting by the NADIA demonstrator, will allow to implement the engineered system
and test services through extensive test campaigns involving both real and simulated
users. Unfortunately, as many EU funded projects do, the NADIA project ended without
a commercially available product.
3.1.2 Assistive robotics
AT for moving can seriously improve independent living of people with disabilities but
another break-through technology can lead to potential improvements in life of disabled
people: assistive robotics.
Robots are from many years an hot topic for research, as they can substitute humans
in hazardous and hard situations, can do repetitive tasks without any need of rest and
perform sophisticate actions more precisely than humans. Robots can also be helpful
for humans with limited autonomy capabilities so in the last decades robots for elderly
and disabled have been developed. Some of them are like servants that help elderly do
simple tasks, like taking pills or walking. Other kinds of robot are instead conceived to
accomplish more complex tasks, like help a person with paraplegia walk autonomously
ore guide safely a blind person. In the following we will see some relevant examples of
robots designed for visually impaired people and users with motor-skills impairments.
To better understand how robots can help people with motor-skill disability, first of all
let’s have a look at the most important ones.
One of the most common motor-skill issues is the lower-limb disability, either in
strength or coordination, due to spinal cord injuries. As you can see in figure 3.7 spinal
cord injury can occur for many reasons but road accidents and falls are the most common
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causes. However other causes of lower limbs disability can be genetics and neurologi-
cal issues such as cerebral palsy and degenerative diseases (MS, Duchenne, ALS and
more).
Figure 3.7: Spinal cord injuries causes in UK during year 2001 (Total number: 1200)
Spinal cord injury quite often results in a lack of capabilities in moving lower limbs. It
can also be the cause of quadriplegia when the injury regards the upper section of spinal
cord.
Depending on the seriousness of the injury persons with this kind of damage can
improve their capabilities by means of rehabilitation and hard workout. However there is
a relevant number of patients with serious and irrecoverable spinal cord damages so that
they cannot use anymore lower limbs.
Another quite common injury that lead to motor skills impairments is amputation.
Numbers are in fact very relevant and despite of common thinking about working ac-
cidents, the first cause of amputation in the western countries is blood circulation, for
example caused by diabetes. If figures 3.8 and 3.9 you can see some relevant statistics
about amputation in the USA in the last decade.
Both for patients with soft and strong spinal cord injury, amputation or with other
diseases that lead to similar consequences, robotic research has developed exoskeletons
that can help doing rehabilitation, can help people with reduced strength at walking or can
even substitute your legs when walking. In figure 3.10 you can see a robotic exoskeleton
designed to help rehabilitation. Other kinds of exoskeleton are instead designed to allow
a person with paraplegia walk like non-disabled do, see figure 3.11.
Even though there is a lot of enthusiasm around these technologies only few proto-
types are available and there is only one FDA-cleared commercial-off-the-shelf product,
ReWalk (see it in figure 3.12).
Other quite common disability related to accidents and circulation diseases is the
upper limbs’ one. Actually the same issues that results in lower limb disability, accidents,
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Figure 3.8: Amputation by cause between 1986 and 1996 in the USA
Figure 3.9: Number of amputees by aging group in the USA
diabetes, cerebral palsy and more, can be the cause of upper limbs’ one. For people with
amputation of an arm the most common solution is a prosthesis, however for other kind
of disability and coordination issues other types of AT device is needed. To this aim other
types of assistive robotic systems can assist humans in their daily life tasks, such as in
personal hygiene, eating, education, and independent movement tasks. Several research
projects currently aims at the realization of rehabilitation robotics arms, see figure 3.13.
ESTA is for instance a project that aims at the development of a human-machine inter-
face for an assistive exoskeleton for the upper limb, to improve the mobility of the disabled
person while making the system transparent and non invasive to the user’s comfort and
mobility.
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Figure 3.10: Rehabilitation with ex-
oskeleton
Figure 3.11: Exoskeleton designed for
independent walk of people with para-
plegia
Figure 3.12: rewalk Exoskeleton users
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Figure 3.13: Some research projects about upper limbs rehabilitation exoskeletons
3.1.3 Solutions to improve mobility
In the previous section we saw robots that can improve quality of life of people with
motor-skill impairments and can help rehabilitation. In these section we will see instead
few examples of mobility solutions mainly for safety and navigation both for motor-skill
impaired and visually impaired users.
As example the Massachusetts Institute of Technology and Northeastern University
together are developing wearable devices for blind and low-vision people. These devices
combine sensing, computation and interaction to provide the wearer with timely, task-
appropriate information about the surroundings – the kind of information that sighted
people get from their visual systems, typically without conscious effort. This project has
named Fifth Sense and focuses first on three core capabilities:
1. Safe mobility and navigation, for instance walking hazard on sidewalk, see figure
3.14. The objective is to understand where is the safe walking surface and where are
the trip and collision hazards.
2. Person detection and identification. Give a overhead view of meeting hall with many
people. See if the are people nearby or approaching. If so, understand where is each
person, and what is his/her identity.
3. Tactile and aural interface: Large surface embossed with Braille dots. They are con-
centrating effort in conveying information non-visually to the user, for example through
a MEMS tactile display.
Future tasks planned for the projects are autonomous consciousness and answer
questions such as:
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Figure 3.14: Examples of hazardous obstacles for visually impaired people indoor and
outdoor
1. Where I am?
2. Which way is it to my destination?
3. What type of place am I in, or near?
4. Do my surroundings include text, and if so what is it?
5. Where is the affordance (e.g. kiosk, concierge desk, elevator lobby, water fountain)
that I seek?
6. What transit options (bus, taxi, train etc.) are nearby or arriving?
7. What is the person’s facial expression, body stance, and body language?
8. What is he/she doing?
The Fifth Sense project, see figure 3.15 was hosted at MIT by a group of professors
and researchers led by Prof. Seth Teller who unfortunately died in 2014.
Figure 3.15: How the MIT Fifth Sense project works
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3.2 Solutions to increase communication capabilities
Communication is one of the basic needs for anyone. The most common ways of com-
municating words and ideas are orally, written and particularly for deaf persons, with
gestures. Until the last century communication was basically done by voice and letters,
nowadays the new media devices such as phones, television, radio, computer, internet
and portable devices radically changed the way of communicating.
3.2.1 Solutions for persons with neural diseases
As we said in chapter 1 one of the most common causes of disability, also motor, is the
neurological issue, either or caused by traumatic accidents, genetics, cerebral palsy and
neurological degenerative diseases such as amyotrophic lateral sclerosis (ALS), multiple
sclerosis (MS) and Duchenne’s syndrome. This kind of issues can cause even severe
mobility impairments and can lead patients be bedridden.
As example ALS is a disease that rapidly destroys motor neurons throughout a per-
son’s spinal cord and brain. Deterioration of motor neurons may start in the spinal nerves,
cranial nerves or a combination of the two. Some symptoms of ALS include muscle weak-
ness, slow movements, increased muscle tone, fasciculations, atrophy, and a strained or
breathy voice. Individuals diagnosed with ALS experience progressive loss of motor func-
tion throughout their body; a subset will eventually have control only over eye movements.
The disease leaves many unable to speak; and often, motor-skill impairments limit access
to augmentative and alternative communication (AAC) through traditional means (e.g.,
head or extremity movements). Complete loss of muscle movement occurs for some
individuals; however, extraocular muscles that control eye movements, and the sacral
segment of the spinal cord that controls bowel/bladder functions, are usually spared. In
addition to muscle difficulties, fronto-temporal cognitive changes and emotional lability
are possible. With ongoing disease progression, ALS ultimately leads to anarthria, or
a complete loss of the ability to speak. A means of communication is needed to main-
tain social closeness, provide information, make decisions, and indicate basic wants and
needs. Augmentative and alternative communication (AAC) techniques can range from
no/low technology to high technology. Low technology systems are those that do not in-
clude voice output and may include handwriting, topic boards, alphabet boards, and eye-
linking partner-supported systems. Given the severity of the communication impairment
experienced by persons with ALS, voice output AAC technologies are often considered
to supplement or replace natural speech. Persons with ALS often use eye gaze access,
see figure 3.16, as an interface to access AAC, particularly in advanced stages of the
disease [16].
Eye tracking technology is nowadays commercially available but, unfortunately, de-
spite of the cheap hardware used, prices are still high. However some recent researches
about development of a DIY eye gazer are reported. Actually there are lots of eye tracking
systems, both commercial and open source, for a complete list see [17].
33
CHAPTER 3. STATE OF ART OF ASSISTIVE TECHNOLOGY
Figure 3.16: A typical eye gaze tracking system
3.2.2 Interaction with personal computers
As well-known the personal computer is nowadays the most versatile device and it is very
helpful in a large variety of situations. Computer are used especially for getting informa-
tion, text writing, communication, learning and working. But there are even other useful
applications for computers such as home automation and social networking. Allow a dis-
abled person use the computer means let him/her study, work, be connected with friends
and do a lot of important tasks. To this aim a large variety of human-machine interfaces
have been developed in the last decades. The most common one are ergonomic mouses
and special keyboards, for example with enlarged keys, see figures 3.17 and 3.18.
But many motor-skill disabled persons have a lack of coordination and can do gross
movements only. To allow these people use the computer specific mouse and keyboard
emulators have been developed. We see in the following some examples of recent mouse
emulators based on different technologies.
A quite common technology for the pointer guidance systems is the camera-based
tracking of human body district, for example the head or an eye. The movement of the
body district is translated into pointer shift as well as a mouse. A good commercial product
is TrackerPro, a computer input device that takes the place of a mouse for people with
little or no hand movement. Anything that can be done with a regular hand mouse can be
done by using TrackerPro, in conjunction with one of many clicking solutions. It is a high-
resolution intelligent camera that tracks a small dot that you can place on your forehead,
glasses or the rim of a hat, see figure 3.19.
Despite of its simple hardware, basically a high resolution camera and a software, the
sold price is around $ 950.
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Figure 3.17: A mouse with vertical er-
gonomic handle
Figure 3.18: Easy keyboard with en-
larged buttons
Another successful product used mainly for people with good head control is Inte-
graMouse Plus, see figure 3.20. With this mouse emulator it is possible to operate the
computer solely by mouth. The slightest movement of your lips will control the mouth-
piece and move the mouse across the computer screen. By simply sipping and puffing,
it is possible to trigger mouse clicks as with any standard mouse. Its cost is around euro
1900.
Quha Zono Mouse, see figure 3.21, a is instead computer mouse based on inertial
sensors. It is attached to users head, hand, foot or any other appendage and based on
inertial data can move the pointer on the screen like a classic mouse.
These commercial solutions, as you can see, have an high cost, however other free,
and even open-source, solutions are available.
A good camera-based mouse emulator is Enable Viacam, figure 3.22. It only needs
a standard webcam that is available from few tens of euros and it allows hands-free con-
trol of your computer with intuitive head movements. Furthermore is highly customizable:
pointer speed, motion acceleration and smoothness, dwelling time, and many other vari-
ables can be adjusted to fit the user’s needs. A very useful feature is user autonomy, in
fact it is specifically designed to eliminate the need for assistance after installation.
Persons with motor-skill disability that cannot use a mouse usually cannot operate a
keyboard too, thus several input systems for text entry have been developed. The most
common is the screen keyboard (see figure 3.24), like the one embedded in operating
system itself. They usually can be used with a mouse emulator. Some of them are config-
urable with special keys and are equipped with prediction in order to facilitate and speed
up the writing of sentences.
However a screen keyboard can be quite slow to enter words, so better and more
complex software have been proposed to help people with disabilities writing more pre-
cisely and fast.
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Figure 3.19: Tracker Pro
Figure 3.20: Integra Mouse Plus Figure 3.21: Zono Mouse
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Figure 3.22: A screenshot of the free-
ware mouse emulator Enable Viacam Figure 3.23: A screenshot of the free-
ware mouse emulator Camera Mouse
Figure 3.24: The Microsoft Windows 7 embedded screen keyboard
A good example is represented by Dasher, a free interface for text-entry created by
Interference research group and hosted in Cavendish Laboratory, Cambridge. Dasher is
an interface driven by natural continuous pointing gestures. It is a competitive alternative
for entering text where for people that cannot use a conventional keyboard, for instance
on hand-held computers, when using a computer with a joystick, mouse, trackball, when
using a computer without hands, for example, via a head-mouse or reading of the pupil.
Using Dasher by reading the position of the pupil (Eyetracking) the experienced user can
get the same benefits of handwriting around 25 words per minute. Consider that using a
mouse, an experienced user can get to write up to 39 words per minute. Dasher is pretty
fast, efficient and easy to learn. It is an interface that uses the concept of magnification.
You point where you want to go and the video is magnified what you tip. The world as
a backdrop to this magnification is painted with letters so that every point you zoom
corresponds to a piece of text. You choose what to write by choosing where to zoom. It
uses also a prediction of language to determine how the word fits properly in the piece
of text you are writing. Probably some pieces of text are the most common and therefore
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faster to select. A pieces of text improbable (for example text containing errors) has less
space and is therefore more difficult to select. The language model "learns" continuously
so that once a word is written is easier to reinsert a second time. In the figure 3.25 it is
shown an example of a user writing "hello, how are you".
Figure 3.25: Dasher
HMI for portable devices
Mobile devices are indubitably the main tools for communications, and they offer a wide
range of opportunities to the users. Especially for people with disabilities these devices
produce benefits in social inclusion and security. Unfortunately, the accessibility of the
current devices is compromised by small form factors, touchscreen input methods and
complex user interfaces. However the use of a smartphone is nowadays mandatory to
communicate and stay in touch with friends, so it is very important that persons with dis-
abilities are able to use at least the basic functions like make and receive calls. Systems
that facilitates the use of portable devices can be either hardware or software or both.
Some of them are basically the porting of pointer emulators for personal computer to the
portable field, in figures 3.26 and 3.27 some commercial examples are shown.
The previous examples are made of external interfaces with Bluetooth connection. As
we said also software only solutions can be used but also mixed hardware and software
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Figure 3.26: Pretorian JPAD Figure 3.27: Pretorian Switcher
solutions are quite common. As example we see ePhone [18], abbreviation for "easy
phone". It is basically an aid system to ease accessibility to Android smartphones for
motor skill impaired users. The system consists of two main parts, a hardware device
named gateway and a software application (an Android app). The gateway is able to
manage commercial switch sensors for the exploitation of residual user’s abilities. The
gateway is also connectable to the environmental control unit port of power wheelchairs,
to receive commands from the driving-joystick. The smartphone application allows man-
aging telephony, contacts list and messaging features by means of scanning strategies
and dedicated graphical user interfaces. The communication with the gateway uses a
Bluetooth or USB connection.
3.2.3 Interaction with the surrounding environment
One of the hottest research topic about electronics is home automation. As we saw in
chapter 2 domotic systems has been invented many years ago but still does not penetrate
the market as a widespread consumer product and in 2012 it was still an immature and
fragmented market. However it is expected a growth of more than 30% per year. Actually
home automation can significantly ease the life of disabled users, elderly in particular.
A good example of home automation system it is shown in the Robot-Era project
hosted in Peccioli (Pisa, Italy). The objective of the Robot-Era project, see figure 3.28,
is to develop, implement and demonstrate the general feasibility, scientific/technical ef-
fectiveness and social/legal plausibility and acceptability by end-users of a plurality of
complete advanced robotic services, integrated in intelligent environments, which will ac-
tively work in real conditions and cooperate with real people and between them to favor
independent living, improve the quality of life and the efficiency of care for elderly people.
During the experimentation eight robotic services integrated in smart environments have
been tested. Elderly volunteers were invited to interact with the robots in order to evaluate
the technical effectiveness and acceptability of the Robot-Era robotic services.
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Figure 3.28: Two of the robots used in Robot-Era project
3.3 General purpose switch sensors
Switch sensors are some of the most important assistive devices for people with motor-
skill disabilities. They are designed to catch any residual mobility of the person and trans-
form it in an electric signal. Switch sensors act like normal on/off switches, like buttons
for instance, but they are easy to be used by particular disabled individuals.
These sensors are often general purpose, this means that you can interface them
to a large variety of other devices such as a remote controller, a personal computer, an
alarm, a phone or a wheelchair. There is plenty of specific switch sensors, adapted to
be operated with any of the human-body district, in this section we see only the most
advanced products and prototypes.
A muscular switch (figure 3.29) despite of its old commercialization, is one of the most
effective and reliable switch sensor on the market. It is designed to reveal any, even small,
muscular activity by measuring a voltage variation inside body. It is equipped with a small
plate, basically a capacitor, that is put on the body district where the patient has residual
mobility. When the person gives an neural impulse to the muscle the sensor reveal it and
toggles the switch state, open to close for instance.
Other interesting examples are the sensors used with the eyelip (figure 3.30) and with
any body district (3.32) or the mouth. Moreover there are switches to be operated with
puff (figure 3.31), bite and tongue (figures 3.33 and 3.34). Particularly these last two were
originally designed for skydiving photography and then, as often happens, ported to the
disability field.
3.4 Brain computer interfaces
A lot of research has been carried out in the last decades about brain-computer inter-
faces. [19] A brain–computer interface (BCI) is a direct communication pathway between
the brain and an external device. BCIs are often directed at assisting, augmenting, or
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Figure 3.29: Muscular switch
Figure 3.30: Eyeblink switch
Figure 3.31: Sip-puff toggle switch
Figure 3.32: Proximity sensor switch
Figure 3.33: Bite toggle switch Figure 3.34: Tongue toggle switch
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repairing human cognitive or sensory-motor functions. Research on BCIs began in the
1970s at the University of California Los Angeles (UCLA) under a grant from the National
Science Foundation. The papers published after this research also mark the first appear-
ance of the expression brain–computer interface in scientific literature. The field of BCI
research and development has since focused primarily on neuroprosthetics applications
that aim at restoring damaged hearing, sight and movement. Thanks to the remarkable
cortical plasticity of the brain, signals from implanted prostheses can, after adaptation, be
handled by the brain like natural sensor or effector channels. Following years of animal
experimentation, the first neuroprosthetic devices implanted in humans appeared in the
mid-1990s. BCI can be either non-invasive or invasive. Non-invasive BCIs are those that
have no implant in the human body and vice-versa.
3.4.1 Non-invasive
There have been experiments in humans using non-invasive neuroimaging technologies
as interfaces. Signals recorded in this way have been used to power muscle implants and
restore partial movement in an experimental volunteer. Although they are easy to wear,
non-invasive implants produce poor signal resolution because the skull dampens signals,
dispersing and blurring the electromagnetic waves created by the neurons. Although the
waves can still be detected it is more difficult to determine the area of the brain that
created them or the actions of individual neurons. There are few commercial non-invasive
BCI that can be used to interface with a computer and control basic function as well as
emulate some keys of the keyboard. One of the most famous example is Emotiv, shown
in figure 3.35.
3.4.2 Invasive
Invasive BCIs have instead an implanted electronics inside. They are mostly used to
restore a lost body function like a sense or a motion capability. There are several research
projects that aims for example at the restore of vision and touch respectively for blind and
persons that suffered from hand amputation, however this kind of implants are extremely
experimental and not commercial. In figure 3.36 Jens Neumann, one of the first man who
was implanted with an artificial vision system directly connected with his brain. Another
kind of implant is used to restore the hearing sense and is discussed in section 3.6.
Although invasive BCI can help people with disabilities they actually are not enough
mature to be effectively used by individuals and still remain research topics.
3.5 Assistive technologies for visually impaired persons
Visual impairment is one of the most common sensory issue. In figure 3.37 a world statis-
tic about low vision and blindness is reported. Respectively number of people (in thou-
sands) blind, with low vision and visually impaired per million population [20].
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Figure 3.35: Emotive a commercial non-
invasive BCI
Figure 3.36: Mr. Jens Neumann, one of
the first implanted with invasive BCI, an
artificial vision system
Figure 3.37: Visual impairments in the world
People with visual issues can proficiently live independently and nowadays can ben-
efit of a large variety of AT devices. In the following we see only two of the most used and
one example of experimental device to help mobility.
People with blindness have basically three important needs: getting around, getting
information and produce written text.
For persons with low vision the most innovative products are high definition desktop
and portable magnifiers, see figures 3.38 and 3.39.
Instead for blind people other strategies must be used, mainly related to text-to-
speech technology, such as a PC screen reader. A screen reader is a piece of software
that literally reads the personal computer desktop in order to give to a blind person an
overview of what is reported on it. There are several commercial and expensive examples
but also some free and open source ones like Non Visual Desktop Access (NVDA). It is
a free screen reader which enables blind and vision impaired people to use computers. It
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Figure 3.38: A commercial desktop
magnifier
Figure 3.39: A portable magnifier
reads the text on the screen in a computerised voice. The user can control what is read to
you by moving the cursor to the relevant area of text with a mouse or the arrows on your
keyboard. NVDA can also convert the text into braille if the computer user owns a device
called a braille display. NVDA provides the key to education and employment for many
blind people. It also provides access to social networking, online shopping, banking and
news.
3.6 Assistive devices for hearing losses
The ability to hear is an essential part of verbal communication and relations with others.
Hearing impairment can significantly impact integration, equal opportunities and the right
to quality living. Hearing is essential to understanding speech and, consequently, to the
ability to relate with neighbors, to the sense of belonging, as well as to enjoying the
experience of sound which makes life more pleasurable, safer and allows each individual
to adapt to all communication environments. Hearing disorders affect about 500 million
people worldwide, 50 million in USA only, see figure 3.40, and it is estimated that an
effective solution exists for more than 80% of the cases.
Hearing loss is difficult to detect as it happens gradually. Age, trauma, bacterial or
viral infections, hereditary factors, the use of medicines, otosclerosis and sound pollution
are the most frequent causes of hearing loss.
Hearing disturbances are extremely critical in childhood and can result in difficulties
relating to and communicating with others as hearing is key to language skills and, con-
sequently, to a child’s overall development. If the damage affects the ciliated cells of
the cochlea, a part of the inner ear, the problem is referred to as neurosensorial which,
statistically, affects 80% of all children with hearing problems. Thanks to technological
advances in terms of both detection and digital applications, the majority of these com-
munication problems can be resolved through the timely use of a hearing aid device and
a correct sound adjustment process.
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Figure 3.40: Hearing loss statistic
3.6.1 Hearing aids
The first type of external hearing aid was invented by Harvey Fletcher while working at
Bell Laboratories. This type of aid is now called body aid because consists of a case and
an earmold, attached by a wire. The case contains the electronic amplifier components,
controls and battery while the earmold typically contains a miniature loudspeaker. The
first hearing aids had a quite big case and it was carried in a pocket or on a belt. Without
the size constraints of smaller hearing devices, body worn aid designs can provide large
amplification and long battery life at a lower cost. Body aids are still sold in emerging
markets because of their lower cost.
A following generation of hearing aids is the behind the ear (BTE) hearing aid. Behind
the ear aids consist of a case, an earmold or dome, and a connection between them. The
case contains the electronics, controls, battery, microphones and often the loudspeaker.
Generally, the case sits behind the pinna with the connection from the case coming down
the front into the ear. The sound from the instrument can be routed acoustically or elec-
trically to the ear. If the sound is routed electrically, the speaker is located in the earmold
or an open-fit dome, while acoustically coupled instruments use a plastic tube to deliver
the sound from the loudspeaker to the earmold.
BTEs can be used for mild to profound hearing loss. As the electrical components
are located outside the ear, the chance of moisture and earwax damaging the compo-
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Figure 3.41: An example fo external
hearing aid Figure 3.42: A BTE hearing aid
nents is reduced, which can increase the durability of the instrument. BTEs are also
easily connected to assistive listening devices, such as FM systems, to directly integrate
sound sources with the instrument. BTE aids are commonly worn by children who need
a durable type of hearing aid.
3.6.2 Acoustic implants
Electro-acoustic implant systems allow people with high frequency hearing loss to hear
high frequency sounds which are so important for understanding speech and for suc-
cessful communication. For people who suffer from high frequency hearing loss, hearing
aids alone cannot provide good access to these sounds. A severe hearing loss can occur
for several reasons and regards one or more of the hearing components. For this reason
different kinds of implant exist.
Bone anchored hearing aids
A Bone Anchored Hearing Aid (BAHA) is an auditory prosthetic based on bone conduc-
tion which can be surgically implanted. It is an option for patients without external ear
canals, when conventional hearing aids with a mould in the ear cannot be used. The
BAHA uses the skull as a pathway for sound to travel to the inner ear. For people with
conductive hearing loss, the BAHA bypasses the external auditory canal and middle ear,
stimulating the functioning cochlea. For people with unilateral hearing loss, the BAHA
uses the skull to conduct the sound from the deaf side to the side with the functioning
cochlea.
Individuals under the age of two typically wear the BAHA device on a band. This can
be worn from the age of one month as babies tend to tolerate this arrangement very
well. When the child’s skull bone is sufficiently thick, a titanium "post" can be surgically
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embedded into the skull with a small abutment exposed outside the skin. The BAHA
sound processor sits on this abutment and transmits sound vibrations to the external
abutment of the titanium implant. The implant vibrates the skull and inner ear, which
stimulate the nerve fibers of the inner ear, allowing hearing.
Cochlear implant
Cochlear implants may help provide hearing in patients who are deaf because of damage
to sensory hair cells in their cochleas. In those patients, the implants often can enable
sufficient hearing for better understanding of speech. The quality of sound is different
from natural hearing, with less sound information being received and processed by the
brain. However, many patients are able to hear and understand speech and environmen-
tal sounds. Newer devices and processing-strategies allow recipients to hear better in
noise, enjoy music, and even use their implant processors while swimming.
Figure 3.43: Cochlear Implant
Figure 3.44: An Example of Cochlear
Implant External Processor
As of December 2012, approximately 324,000 people worldwide have received cochlear
implants; in the USA, roughly 58,000 adults and 38,000 children are recipients. The vast
majority are in developed countries due to the high cost of the device, surgery and post-
implantation therapy. A small but growing segment of recipients have bilateral implants
for hearing stereo sound, one implant in each cochlea.
Direct cochlear stimulation
A newer generation on acoustic implants have been developed by Cochlear LTD in Aus-
tralia and Belgium, its name is Cochlear Direct Acoustic Stimulation, or Codacs. It is an
47
CHAPTER 3. STATE OF ART OF ASSISTIVE TECHNOLOGY
active medical device that mechanically stimulates the cochlea, bypassing the impaired
middle and outer ear of persons with severe to profound mixed hearing loss. This pio-
neering acoustic implant meets the unmet needs of patients who:
1. Can’t wear hearing aids due to their anatomy;
2. Aren’t performing well with hearing aids; and/or
3. Have had failed middle ear surgery.
These patients typically have a reasonable portion of residual hearing. The Codacs
System makes use of this portion of residual hearing to typically provide a richer and
broader sound quality for the patient.
3.7 Assistive technologies for mental impairments
Assistive technology tools and strategies can be used also to support individuals with
intellectual or developmental disabilities in a variety of daily activities. Typically, such in-
dividuals require supports in home living, community living, learning, employment, health
and others.
Technology can help them complete tasks independently or with less help in these
domains. Consider for example home living, technology can address activities such as:
1. Preparing and eating food
2. Taking care of clothes
3. Housekeeping and cleaning
4. Dressing, bathing and personal hygiene
5. Operating home appliances
To this aim several consumer technologies have been explored and adapted. As ex-
ample if you take a common tablet and you put a step-by-step guide or video you have
basically built an AT device for a category a people with mental retardation. Other com-
mon AT supports in this domain include for instance:
1. Built-up handle eating utensils
2. Picture-based cookbooks
3. Computer-aided systems providing pictorial task instruction to assist with housekeep-
ing activities
4. Video instruction and audio prompting to assist with completing household tasks
5. Button fasteners
6. Speech-generating devices
7. Smart phones to use in keeping shopping lists
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3.7.1 Mental illness
Mental illness may be, for example, psychosis, anxiety and compulsive disorders as well
as acquired and congenital neuropsychiatric impairments. Neuropsychiatric disorders are
a collection of a range of diagnoses, e.g. ADHD (Attention Deficit Hyperactivity Disorder),
Asperger’s syndrome and autism.
According to the International Classification of Functioning, Disability and Health [5],
mental functions are divided into overall mental functions, such as ability of orientation,
energy and power of action, as well as specific mental functions, such as memory, atten-
tion and cognitive functions (e.g. planning, judgment, problem-solving and flexibility).
People with mental illness can have difficulties comprehending, processing and acting
appropriately on information and experiences. This happens because their illness can
affect one or more areas of the following mental functions: memory, initiative, attention,
concentration, ability of planning, experience of time, summing up of information and
generalization on basis of many pieces of information.
Research findings and knowledge from practice show that AT that supports mental
functions can contribute to making people with mental illness better able to manage on
their own and to lead a normal everyday life. AT can, for example, contribute to adding
structure to everyday life, to remembering appointments, to taking medication correctly
and to stimulating activities. This may secondarily contribute to e.g. less anxiety and
agitation, less assistance from family and professionals, as well as enhancing possibilities
of undertaking education or employment.
Furthermore research findings and experience from practice show that the effects
from AT that supports mental functions are reflected by socio-economic benefits, for ex-
ample due to less need for assistance and less use of health-care services. For the
individual user of AT, the effects show as increased quality of life through a more struc-
tured everyday life, increased independence, greater security and better occupational
performance.
AT that supports mental functions may include the following:
1. different types of watches and electronic calendars with, for instance, alarm functions
and the option of voice guidance
2. graphic illustration calendars
3. common or custom made PDAs (personal digital assistants)
4. tablets and AT devices for calming purposes
The many types of ordinary cell phones and smartphones with Internet access, which
are available as standard products on the open market, can also often, with special user
interfaces or applications (apps), be used to support mental functions. It is all about find-
ing the widely available or custom developed programs that are well suited to the person
in question.
This may include applications, for example to taking medication (remembering the
medication and the correct dosage of various medications at the right times), planning
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of time, possibly by the use of an alarm for appointments, taking care of budget, finding
one’s way, remembering information, calculating, writing, getting instructions on how to
carry out activities and on where they take place, making a sleep schedule, having fluid
control, being entertained (games, music, chat, social media) and being stimulated to
exercise and so on. These functions can be shown, for example either visually, by the
use of pictures/videos and text, or auditively by reading out loud.
3.8 The need for new Assistive Technologies
As we saw in this chapter there is plenty of AT devices on the market but many others
are still prototypes or just research projects. Despite of the great number of AT products
available on the market there is a great demand for new AT solutions as people with
disabilities need to be included in more and more human environments. To this aim in the
following chapters, from 4 to 8 several research activities carried out by the candidate are
presented. All these researches aim at the improvement of the every-day life of people
with disabilities and some of them allow for a better interaction between people with and
without disabilities.
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4Improve accessibility to portable devices for people with
quadriplegia
As we said in chapter 2 no smartphone manufacturer commercializes a specific interface
for disabled persons, but in chapter 3 we saw instead few commercial human-machine
interfaces developed by AT device manufacturers. However these products can be used
only by a small number of disabled users, thus a large part of people with disability cannot
interface with a portable device. A novel interface to enable people with severe upper
limbs impairment use a smartphone and a tablet is presented in this chapter.
4.1 Background
Smartphones and tablets are becoming more and more common among people, and they
are rapidly substituting traditional mobile phones and personal computers. The market of
these devices is constantly increasing so that the sales of smartphones have recently
exceeded the one of mobile phones and it is estimated that the sales of tablets are do-
ing the same with personal computers and notebooks during 2013 [21]. One of the main
reasons is that people often need just mobile connectivity, entertainment and web brows-
ing so they prefer using a single, small and lightweight device, such as a smartphone
or a tablet, instead of having a cellular phone and a heavy and power-hungry personal
computer or notebook. Furthermore the great availability of useful applications, such as
organizers, notes, weather forecast, instant messaging, timetables, on-line shops and
many more, makes smartphones and tablets very helpful also in everyday life. Just few
years ago, with the first iPhone release, smartphones were considered luxury items, but
now they are available at a low price, so their market has reached also people with a lower
budget. Now you can find an Android device starting from few tens of euro. Although the
cost of a smartphone or a tablet is accessible to many people, the real accessibility of
portable devices is not guaranteed to everyone. In fact many people with disability to up-
per limbs find very difficult to use a touchscreen (see figure 4.1) and a tactile switch as
human-machine interfaces.
From our experience we know that some persons with quadriplegia use a touchscreen
with their nose or with a pen in their mouth, but you can easily imagine that these are not
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Figure 4.1: A capacitive touch screen
comfortable solutions. To let these individuals efficiently interact with smartphones and
tablets different and specifically designed human interface devices (HIDs) must be used.
4.2 State of the art
As well-known a product is primarily designed for the consumer market, then may be
eventually adapted for users with disabilities. Operating systems for smartphones and
tablets, such as Android, iOS, Symbian, Windows Phone, feature by default some ac-
cessibility options that are very useful for visually impaired and blind people, such as
the magnifier and the talkback functionality. Even for people with motor skill impairments
there is a sort of help by means of voice controlled applications, such as Google Search
for Android, or the accessibility options for the iPad, but these solutions are useful just
for a few basic functions, like call or read texts, thus a smartphone or a tablet cannot
be entirely used with these helps. Also the apps are not conceived to be used by dis-
abled users in fact most of them do not have any option to become more accessible.
The fact is that smartphones and tablets can be used as their best only by employing the
touchscreen and the default switches or, as less efficient alternative, using a traditional
HID, such as a mouse and a keyboard. But it is well-known that the above-mentioned
human-machine interfaces are not usable by many people with severe motor disability to
upper limbs. As alternative few companies have recently presented new HIDs dedicated
to people with motor skill impairments. These solutions are both hardware and software
(or mixed of the two), and let some disabled users interact efficiently with portable de-
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vices and use some basic functions in an easier way. Some examples are the application
Click-to-Phone by Unique Perspectives [22] in conjunction with Housemate external box
[23], Pretorian Receive Micro for Android [24] with Optimax joystick [25], J-Pad for iPad
[26], Simply Works for iPad [27], APPlicator [28] and few others. These devices can either
connect with Android or iOS-based devices and can be used with one or more switches,
i.e. the commercial sensor switches dedicated to people with disabilities, in fact they fea-
ture 3.5 mm mono jack inputs. However these human-machine interfaces use a joystick
to move the pointer.
Unfortunately not all the disabled people can efficiently use a joystick as pointer guid-
ance system, particularly those people with quadriplegia, but some are able to proficiently
use other types of human-machine interface with a different body district than the hands
or the upper limbs. For example users that can move the head and/or the torso can
proficiently employ camera-based and inertial mouse emulators. These types of HIDs
are available for personal computer operating systems like Windows, Linux and MacOS.
Some examples are Camera Mouse, eViacam, SmartNav, Tracker Pro, Enpathia (fig-
ure 4.2), Zono Mouse and others. Unfortunately none of them have a version for Android
and iOS so they cannot be used as HIDs for the purpose. Other widespread commercial
products exploiting inertial sensors [29, 30] have been taken as key studies to understand
if they were applicable as assistive technology devices. They both use wireless pointer
guidance control but they have multiple and complex functions, since they are designed
for non-disabled users, so they cannot be proficiently employed as HIDs for users with
disabilities. Several works in literature proposed solutions for human-machine interaction
exploiting inertial sensors: for example the Chronos Flying Mouse [31] is a good example
of wireless HID using accelerometers to implement a mouse and a joystick but it can be
only configured and used with a PC; another good example is the one proposed by Huang
et al. from Cornell University [32], it has a very effective implementation for the pointer
control but can be only used with PCs and it has a PS/2-USB connector while different
and wireless connectivity (e.g. Bluetooth) is needed. A previous work [33] demonstrated
how head-mounted interfaces can be used as pointer guidance systems for PCs and sim-
ilar devices. However the work in [33] goes back to 1994 and refers to PCs only. Other
works [34, 35, 36, 37, 38] dealt with inertial sensors (particularly accelerometers) and
human-machine interface but they all are dedicated to other applications than disability
or can be used only with PC operating systems therefore inertial pointer guidance system
for portable devices currently results a novel application. We explored also the possibility
to use AsTeRICS [39] framework, and in particular its 3D accelerometer sensor, to de-
velop an inertial HID but it needs to be connected to the AsTeRICS platform, that is quite
big-sized and power-hungry compared to a smartphone and a tablet, so it would not be
suitable to be used everywhere and in battery operated mode. The device proposed in
this chapter is a small and lightweight wireless inertial pointer guidance system for An-
droid and iOS-based devices. It is like a proportional head tilt mouse but its functions let
the user interact completely with Android and iOS devices in fact it generates HID reports
that simulate controls implemented by those operating systems.
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Figure 4.2: A commercial mouse emulator for PC that uses inertial sensors
4.3 Development
The first prototype is based on iNEMO v2 development board by STMicroelectronics
(see figure 4.3) and Roving Networks RN-42 HID Bluetooth module. The iNEMO board
features a low-power STM32F103 microcontroller and several sensors such as a three-
axis accelerometer, a gyroscope, a thermometer and more. The RN-42 module ensures
wireless connectivity with a variety of hosts such as Android and iOS-based devices; it is
very small and lightweight, embeds its own antenna and can be software configurable on-
the-fly. Other components are a battery pack (4 AAA Ni-MH batteries) and a low drop-out
voltage regulator to keep the voltage at the required 3.3 V. The future expected release
will instead use the iNEMO M1 board (figure 4.4), which is smaller and more power-
efficient.
The firmware loaded into the micro-controller periodically reads inertial data from the
accelerometer (embedded in the iNEMO boards) and sends HID reports to the module
according to these. Furthermore the jack switches condition is sampled, at a lower fre-
quency. Inertial data are linked to the relative pointer shift, not to its absolute position on
the screen. In fact the tilt of the accelerometer is interpreted as the direction where the
user wants to move the pointer. For instance if you wear the device on your head, and
you want to move the pointer to the right you simply tilt your head to the right and the
pointer starts moving that way, if you want the pointer go down you simply tilt your head
forward and so on. The velocity of the pointer movement can be configured in two ways:
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Figure 4.3: iNEMO v2 module
Figure 4.4: iNEMO M1 module
it can be proportional to the tilt or either have a fixed, pre-determined value. At this stage
of development this value can only be configured via firmware, but we are developing an
on-the-fly configuration. A custom low-pass filter eliminates unintentional shaking and a
threshold algorithm ensures an easy achievement and maintenance of the rest position,
e.g. if your head is doing a little swing near to the rest position no pointer movement takes
place. The value of the threshold can be configured via firmware. In order to be adapted
to any posture, the software allows the user choose a given position as the rest one by
pressing the two switches at the same time. So at any time the user can find his/her own
best rest position, the more comfortable one, then make some try to move your head in
any direction and finally press the buttons to fix the rest position. This fact is very useful
also because the position of the device can be different according to the usage, it may
be horizontally, vertically or inclined so the person who looks at it must rest in a different
position. Device buttons are implemented by means of two 3.5 mm mono inputs, one is
used for the click, the equivalent of touching the screen; the other is used for back (in
Android) or home button (in iOS), according to the operating system of the device. The
prototype is small and lightweight enough to be worn on anybody district, even though at
this stage it is specifically designed to be put on the head by means of a special cap. The
second release of the system features a new updated version of the accelerometer and
a smaller size.
4.4 Results
The first release (in figure 4.5) of the system has been fully designed and tested by the
development team and by two disabled volunteers. The second release (in figure 4.6) has
been fully designed and implemented but not yet tested with end users. This release fea-
tures a specifically designed printed circuit board, very small sized, and a lithium battery
pack.
These prototypes have been correctly connected both with Android and iOS-based
devices, allowing both pointer guidance and click action. Battery pack ensures several
hours of continuous operation, however the release will probably use Lithium battery
only. The first preliminary test campaign was carried out by the development team, using
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Figure 4.5: A picture of the first pro-
totype
Figure 4.6: A picture of the second
prototype
a Samsung Galaxy S smartphone and a Samsung Galaxy Note 10.1 tablet at a distance
of 1 m approximately. Test-users were sit on a chair in a comfortable position, wearing
the device on the head. The position of the devices was almost vertical. In figure 4.7 a
picture from the very first test campaign is shown. We also involved two disabled persons
in the development and test of the prototype, but at this stage we were able only to do
some quick try with them, therefore a complete test campaign with disabled volunteers is
soon expected.
Figure 4.7: A test of the second prototype
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4.5 Conclusions
In this chapter we saw a novel human-machine interface for Android and iOS-based de-
vices. This HID is a pointer guidance system based on a three-axis MEMS accelerom-
eter.This device, if used in conjunction with commercial switch sensors, enables smart-
phone and tablet use by means of tilting a body district, in particular the head or the
torso, allowing for higher accessibility to those people with severe motor limitations to
upper limbs and quadriplegia.
A first release, based on development boards features Bluetooth wireless connec-
tivity and jack inputs for any commercial sensor switch, a second release ensures also
small size and high battery duration. The firmware features ease-of-use and allows an
comfortable rest position for the user. Several laboratory tests have been carried out by
developers and showed promising results. More tests with disabled volunteers are soon
expected. An easy on-the-fly configuration tool for PC is under development allowing
easy customization of the functions. Further enhancements will be considered according
to the user’s feedbacks.
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5Improve Social Integration of Persons with and without
Disabilities through Football
Social inclusion of persons with disabilities has been highly improved in the last decades.
Nowadays a person with physical, sensory or intellectual impairments can proficiently live
independently, work and have a social life. However much more must be done in order
to reach social inclusion in every human environment: school, work, entertainment and
others. Many organizations ask for an enhancement of social inclusion of people with dis-
abilities, for instance to remove architectural barriers, and thanks to this tireless work, in
many countries, people with disabilities reached a higher social status and some specific
laws to protect their rights. Also governments and international organizations have been
working for the rights of people with disabilities, as example the UN Declaration on the
Rights of Disabled Persons of 2007 gives some important guidelines in this field. [40] But
social inclusion can be also improved by new ways, and by technology, in fact AT plays a
fundamental role, as it can often fill the gap between needs and capabilities of disabled
persons. Thanks to AT also persons with severe impairments can move, get around,
communicate, use a computer and do most of the things that non-disabled people do,
but we believe that research and development of AT must be broaden to more and more
human contexts. To this aim we noticed a lack of social integration in outdoor gaming be-
tween players with and without disabilities, in particular among children and girls/boys, for
whom socialization is more important than for any adult. For instance a child with motor-
skill disabilities can hardly play football or basketball with her/his non-disabled mates on
the same ground, since that the capabilities of a child with mobility impairments can be
as lower, compared to the ones of a non-disabled player, that the game would result too
hard for the disabled player and not really challenging for the non-disabled mate. This
chapter instead presents a novel system that allows a motor-skill disabled person to be
competitive in an outdoor gaming situation, on the same ground as her/his non-disabled
friends, playing the role of the goalkeeper in a five-a-side football match.
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5.1 The ElGo project
The ElGo project (ElGo stands for Electronic Goalkeeper) started in 2010 and aims at the
realization of a simple and effective piece of AT that allows motor-skill disabled persons
play during a non-competitive football match in the role of the goalkeeper, with similar
performances as a human goalkeeper. The most important objective is the social integra-
tion between disabled and non-disabled users, letting them playing on the same ground
with approximately the same performances. We chose football as it is the most popular
outdoor game in many European countries and the role of the goalkeeper because it can
be emulated with a reduced number of degrees of freedom, so it can be played theoret-
ically with good performances also by a severe disabled child. In fact his basic duty is to
save the goal from the income of the ball, and this action can be emulated with an dummy
sliding back and forth along the goal line, so with a very reduced set of controls.
Figure 5.1: A goalkeeper saving a goal during a football match
The other actions usually performed by a human goalkeeper, such as the goalkeeper-
throw and the ball stop, are not mandatory for the non-competitive game, as they can be
done by another player, a defender for instance. One of the mandatory features of the
ElGo system is instead to be hard enough to face strong kicks and quick enough to be
really competitive on the football ground. Furthermore the entire system must be safe,
very intuitive and easy to use, and should be operated with any of the switch sensors
adapted for motor-skill disabled persons. These features together only can lead to an
exciting user experience for the disabled goalkeeper-user and to a challenging game for
all the other non-disabled players.
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5.1.1 Motivation and background
As often AT does, we started from a real user’s need, trying to give a good answer to a
specific request: to allow a boy with motor skill disabilities enjoy football together with his
class-mates. This young boy is affected by cerebral palsy and his dream is to become
a goalkeeper as one of his idols. He used to play football video-games with his friends
but he also wanted to participate in a real football match, with his friends. Before ElGo
the way this boy used to play football live with friend was the following: he was sitting on
his wheelchair moving back and forth along the goal line, then his mates did kicks in his
direction and he used to try saving their goal with his body and his wheelchair. This way
of playing was absolutely unsafe for the boy, furthermore it was impossible to play the
role of the goalkeeper well, as the probability to save a goal was very low. Thus the way
of playing resulted boring both for the disabled and non-disabled players.
5.2 State of the art
Before developing ElGo we did a deep research about similar devices and we found out
that it is an absolutely novel device. Even though other non-human goalkeepers exist,
none of them can be remotely controlled by a human user: they are basically automatic
goalkeepers. These devices feature a set of cameras looking at the ball and a computer
that controls a dummy, trying to save the goal from a kick. These devices are conceived
to save every goal and they cannot allow a person to interact with the football game
in the role of the goalkeeper. These automatic goalkeeper are Goalias [41] by IAS and
Robokeeper [42].
Figure 5.2: Goalias Figure 5.3: Robokeeper
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5.3 User and System Requirements
5.3.1 Design Approach and User Requirements
The approach to the design was completely user-centered. The starting point was a deep
analysis of the users’ needs and several interviews with potential end-users. We carried
out the various user scenarios and we listed some important user requirements, briefly
reported in the following:
1. ElGo must be played also by a person with severe mobility impairments, so it must be
controlled with a very simple interface and with an extremely reduced set of inputs,
even only two;
2. It must have an intuitive and immediate way of functioning. So it can be operated also
by non-technical-skilled persons
3. It must be controlled with a large variety of user interfaces and switches, in particular
those designed for people with disability
4. It must be completely battery powered and transportable
5. It must be both electrically and mechanically safe for any users
6. It must have an international protection marking at least of IP11, to be operated
outdoor in a large variety of grounds
7. A person with higher mobility capabilities should enjoy an adapted user experience,
so a more sophisticated way functioning and more degrees of freedom. This because
every person should take advantage of all her/his abilities, otherwise the game would
finally be not really captivating.
Based on these requirements we decided to develop the ElGo project for five-a-side
football instead of the eleven-players version, first of all because this type of game is the
most popular in non-competitive matches, then because it guarantees a smaller size for
the entire system and this facilitates the transportation.
5.3.2 System requirements
In addition to the user requirements we had to deal with a large variety of system re-
quirements, given by the football game itself and by the interaction of users with the
goalkeeper. One of the basic aspects is the moving speed of the goalkeeper. It obvi-
ously must be high enough to face an incoming kick, also by skilled players. Furthermore
it is important that the entire mechanical infrastructure is hard enough to face a strong
kick, otherwise the system will broke down very soon. In the following paragraphs we will
quickly present some of the most important system requirements taken into consideration
during the development of ElGo system.
5.3.3 Speed kick
We did a brief analysis of the kicks by non-professional players, focusing in particular on
boys from 14 to 18 years old, the same age of target end-users. By means of several video
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recordings we drafted a rough statistic about the incoming kick speed, then we used as
an input parameter to set the dummy displacement speed. The tests were carried out with
five volunteers with different skills, ages and weight. We asked them to do a penalty kick
from different position and distances. We recorded the images with a good commercial
camera at a resolution of 1280x720 at 120 fps then we roughly calculated the time of
flight of the ball and measured the distance. Finally we had for each player an average
kick speed. This statistic is reported in Table.
N° of player Skill level Age of player Weight Average speed kick at penalty
(years) (Kg) (m/s)
1 skilled 17 62 11,5
2 quite skilled 18 67 9,8
3 non-skilled 16 58 7,1
4 non-skilled 16 56 8,2
5 non-skilled 14 61 6,8
Table 5.1: Result of a test about average speed of kicks by young football players
In addition to our experimental data we used the information reported in [43] for a
more accurate statistic of speed by professionals and amateurs. Compared to our table
we saw a correlation between this and other data. This ensures our statistic to be reliable
enough for the final purpose. As the experimental nature of the project we decided to
take an average value of 10 m/s as the maximum incoming speed of the ball towards the
goal.
5.3.4 Human reaction time
Human reactions are important to compute the total amount of time of a body movement
to be done, in our case to control ElGo and try to save the incoming ball towards the goal.
Since that a person with disability is sometimes affected also by cerebral damages we
considered that our end users can have a longer reaction time than other players so it
is very important that the entire processing chain is as fast as possible. For that reason
we chose a real-time embedded system, based on a micro-controller and a very simple
tasks scheduler to manage the entire processing chain. This low-complexity architecture
also ensures high reliability and an easy development compared to a real-time operating
system. The processing time must be computed as a part of the system reaction time,
thus must be added to the normal human reaction time, see [44] for further information.
In other words our ElGo must go a little faster than a human goalkeeper in order to make
up for the processing delay.
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5.3.5 Dummy displacement and simulation
Based on the previous consideration we estimated that approximately 1 s must be the
lowest time of the dummy to move from a side to the other. Given that condition, we be-
lieved that a player using ElGo will have a speed performance, i.e. a probability to save an
incoming kick, similar to the one of a human goalkeeper. Considering this constraint and
the expected weight of the mechanical infrastructure, we did several simulations in order
to compute the needed motor features, particularly the instant power and the torque. To
carry out these simulations we used Simulink and some parameters from different com-
mercial DC motors. In figure you can see a result of one of our simulation: the upper
graph shows instant velocity of the dummy, the middle one acceleration, and then the
lowest the distance covered, all versus time. We refer to [45] for more information about
these simulations. Finally we chose a 24 V DC motor, capable of 700 W of continuous
power and 4,5 Nm of mechanical torque.
Figure 5.4: A simulation result of the displacement parameters
5.3.6 Design of user experience
It is very important that the user enjoys a better game experience, adapted for his capa-
bilities. To this aim we designed several game modes, with different degrees of freedom
and complexity. We set a basic mode, made of one only degree of freedom: left and
right, with a given acceleration and speed, suitable for players with severe mobility im-
pairments and operated with two only switches, e.g. two big buttons. The second game
mode is instead a little more complex, using four switches, with two speed grades for
both directions. The last mode is instead dedicated to persons with higher control capa-
bilities and features 16 speed grades for both directions. This is made with a resistive
analogue joystick, whose value is measured and acquired by an ADC. This way any user
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can choose her/his favorite game mode, and basically a trade-off between degrees of
freedom and easy-of-use. Other game modes have been investigated and will probably
be implemented in future releases of the project.
5.4 System Architecture
In this section it is briefly shown the ElGo architecture and its subsystems. ElGo is basi-
cally composed of three sub-systems combined together, a mechanical infrastructure, an
electromechanical transmission and few electronic boards. The entire device is powered
by two automotive lead-acid 12 V batteries.
5.4.1 Mechanical infrastructure
The heart of the mechanical infrastructure is composed of a commercial aluminum guide-
line and a cart sliding on it. This ensures high reliability for a core component of the sys-
tem and also ensures an easy replacement in case of failures. Furthermore the commer-
cial solution is generally cheaper than the ad-hoc design, development and prototyping.
Figure 5.5: a figure of the cart
Over the guideline an aluminum framework is placed on the cart and a damping
system, composed of two opposed springs, is installed between the framework and the
dummy. In figure you can see a section view of the framework and the damping system.
On the right side of the figure it is shown the lower half of the dummy.
The dummy is made of polycarbonate, thus it ensures robustness and lightness. In fig-
ure you can finally see a computer model of the entire mechanical infrastructure, mounted
in a five-a-side goal. The goal dimensions are, internally, 3 m large and 2 m tall. In figure
you can also see a transparent plastic case that is mandatory to protect any mechanical
and electrical part from strong incoming kicks.
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Figure 5.6: A model of damping system
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Figure 5.7: A section of the damping system framework
Figure 5.8: A model of the whole mechanical structure
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5.4.2 Transmission subsystem
The transmission subsystem is made of a gear wheel, a tension pulley and a plastic belt
reinforced with steel filaments; see in figure a CAD model of it. The belt must be properly
tense otherwise the high torque of the DC motor will cause its slide along the wheels,
and perhaps a permanent damage to the mechanical structure. To this aim an adjustable
tension sheave is installed, this can be released with a dedicated and secure handle, if
necessary, see the right side of figure.
Figure 5.9: A model of the transmission subsystem
5.4.3 Electronic Subsystem
The electronic sub-system is composed of four separate boards. The first is an off-the-
shelf current driver that is used to power the DC motor. It has several useful features as
the instant current meter, a current limiter, and a passive or powered brake. Furthermore
it can be operated with several different interfaces, both analogue and digital, however
we use the UART only. The second is a user interface board, featuring a joystick, several
buttons and four mono 3,5 mm jack inputs, suitable for almost every commercial switch
designed for disabled users. This board can be used both with a wired link or wireless,
by means of a Class 1 Bluetooth point-to-point link, up to 100 m. The third board is the
main controller: this circuit acquires all the information sent by any kind of input and sen-
sor, and combines all these with the stored configuration (for instance the game mode
we described before) in order to compute the next action to be done. Then it sends the
appropriate command to the driver board, via UART. The controller board also manages
a simple user interface (UI) made of a rotary switch, four push-buttons and a LCD dis-
play. This is used mainly for diagnostic purposes, for instance to verify the boards are
connected properly, to check that all sensors are ok and more. The user interface is also
useful to allow the system configuration on-the-fly without the need of reprogramming the
firmware of the board, for instance to change the game mode for different users. Both
for the user interface board and the main controller we used a micro-controller by Atmel,
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running at a frequency of 32 Mhz. These processors have a very low consumption, en-
suring long battery duration, and are reliable in the range of temperature between -40 °C
and +85 °C, so they are suitable also for extreme outdoor conditions without any partic-
ular cooling system. For further details about this solution see the datasheet referenced
in [46]. The last board is used to manage the safety system and is detailed in the next
paragraph.
5.4.4 Safety System
One of the most important features of ElGo is the safety system. Other automatic goal-
keepers [41, 42] are basically conceived to be played statically, i.e. with players doing
kicks from a rest form a fixed position. Our project is instead conceived to let the users
play also dynamically, so it is obvious that sometimes during the game a forward player
can be close to the goal line, i.e. close to ElGo. Since the motor has an high mechani-
cal torque and the transmission is direct gear, no clutch inside, the displacement of the
dummy could be very dangerous in case of impact with a person, in particular with a child.
Thus we developed a safety system based on a sensor fusion between several different
types of sensor.
1. Warning mat: this is basically a SPST-NO switch (single-pole single-throw normally-
open OFF-MomentaryON switch), basically like a pushbutton. This mat can be ac-
tivated (the switch become a short circuit) standing on it, also a child or a medium-
sized animals can be detected. This system is also used in industrial machinery to
halt equipment when labors come close to risky elements
2. Light grid: this is the same device used by lifts. It uses a grid of infra-red beams with a
high density. It basically detects when an obstacle interrupts one or more light beams
and it has an auto-calibration system that detects and resolves if one or more IR-
LEDs has a fault. Furthermore it can be used both in the darkness on during sunlight
with good performances
3. Passive-Infra-Red (PIR). These sensors are normally used in anti-intrusion systems.
They are able to detect a variation of infra-red beams within a large area, so they are
useful to detect if a person, i.e. a forward player in our case, is coming towards the
dangerous area
4. Ultra-Sonic. These sensors are composed of a transmitter and a receiver: the trans-
mitter sends an US wave that is eventually reflected by an obstacle. Thus by pro-
cessing the reflected wave it is possible to detect the presence of a specific object
within a given range. Also by measuring the time-of-flight difference between send
and return signals it is possible to detect the approximate distance of the obstacle.
These sensors are used to check if a person is standing inside the goal, beyond the
goal line, in contact with the metal framework, the cart and the damping system. This
system is useful because players must go and take the ball inside the goal when a
goal occurs, so they can go behind the goal line
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All this sensors are powered and acquired by a separate board, their inputs are then
sent to the main controller board. As one of these sensors is activated the main controller
board reveals that a person or an obstacle is in a dangerous area, and then halts im-
mediately the dummy. Any movement will only start again when all sensors show a safe
condition. In addition a big alarm button has introduced, this button goes directly to the
current driver board and stops immediately any current flow in the motor. Since it is not
processed by the main controller board it is safe from any firmware bug, except for those
inside the commercial current driver board. If this alarm button is activated the system
must be reset in order to start operating again.
5.5 Test campaign
The very first ElGo prototype had been tested on December 2012. The tested prototype
had no safety system so it was tested in a restricted situation with volunteers only and
with the developers’ team. Once we introduced the safety system we started a new test
campaign with real users in some real contexts. The first situation was at the gym of
a high school with two classes: boys and girls, respectively 16 and 18 years old. Our
first volunteer was a boy affected by cerebral palsy, our second was a boy affected by
Duchenne’s syndrome. Other non-disabled players were their class mates. The setup of
the test was the one you see in figures. The motor-skill impaired player stand behind
the goal on his wheelchair, so that the goal will also protect him from being hit by the
ball. Then he controls the dummy moving left and right along the goal. In figures it is
almost impossible to see the dummy because it is transparent. During this first test ElGo
played both during a football match and during a set of kicks like penalties in football from
different distances. Another test was led during a sport event in central square of a town.
This test was open to any user wanted to try. In this occasion we had many non-disabled
users curious to try ElGo.
Figure 5.10: Pictures of the test campaign at high school
The first test lasted approximately 3 hours, with a pause of half an hour. The system
did not showed any fault, and the safety system recognized correctly every dangerous
situation. The second test was a very hard situation with tens of non-disabled children
and boys willing to play.
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Figure 5.11: Pictures of the test campaign at Pescia (PT, Italy)
5.6 Results
5.6.1 Comparison with human goalkeeper
We believe that the most important feature of ElGo is that it can allow a person with severe
mobility impairments to play football with his friends. However we designed ElGo to be
competitive in a real match, compared to human goalkeeper. To this aim we conducted
few comparison tests, in order to see if the probability of saving a goal with ElGo can be
similar to the human goalkeeper’s one. We considered two disabled users driving ElGo,
then we considered a few non-disabled users playing in the role of the goalkeeper first
time live, second time with ElGo. The result of this test is reported in Table. We tested
two real situations: the first is a penalty, so basically a kick when the ball is stopped on
the ground, from various positions; the second is a dynamic action, i.e. when players are
running and do a dynamic game, trying to wait the best occasion to do a goal. In this
case the position of ElGo can be adapted in real-time to the position of the game, to rise
the probabilities to save a goal. We also used a sort of restricted area, in which offender
players cannot enter to ensure safety, so they could not go too close to the goal and this
facilitates ElGo to save kicks. Furthermore we considered only kicks inside the net.
User Penalty Dynamic action
(Save / Try) (Save / Try)
Disabled user 1 with El.Go. 11 / 30 15 / 30
Disabled user 2 with El.Go. 9 / 30 14 / 30
Non-disabled user 1 live 12 / 30 21 / 30
Non-disabled user 2 live 15 / 30 18 / 30
Non-disabled user 3 live 16 / 30 18 / 30
Non-disabled user 4 live 13 / 30 19 / 30
Non-disabled user 1 with El.Go. 18 / 30 21 / 30
Non-disabled user 2 with El.Go. 18 / 30 24 / 30
Non-disabled user 3 with El.Go. 15 / 30 22 / 30
Non-disabled user 4 with El.Go. 14 / 30 24 / 30
Table 5.2: Goal saving statistic in case of penalty and during a dynamic action
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5.6.2 Approval by end-users
All the disabled users have been interviewed during and after the game. They really
enjoyed ElGo very much, mostly because the never had the possibility to play at the
same level with mates and because they saw a very impressive probability to save a goal,
i.e. something that was really impossible before. They had very enthusiastic comments
about using ElGo and they would not stop to use it even after hours of playing. They also
give us some important advice about improving some features of the system. ElGo also
was readily accepted by the other non-disabled players since it was really challenging to
do a goal defensed by ElGo. We noticed also another important thing during the open
tests, that also kids without any impairment wanted to try ElGo as the goalkeeper, since
it was like a video-game in the reality. We believe that this fact is very important for social
inclusion since it is unusual that non-disabled persons would like to use pieces of AT,
it is kind of the non-disabled user wonders something that the disabled has, and this is
basically the kind of situation in which the person with disability feels the same as any
other one.
5.6.3 Questionnaire
During the first test campaign at the school we dispensed two different questionnaires one
for the involved students, the other for teachers. The questionnaires were anonymous.
Both questionnaire are reported in the following.
Questionnaire for students
1. Do you think that the electronic goalkeeper is suitable for entertaining friends and
mates?
a) YES
b) NO
2. Do you think that the electronic goalkeeper is suitable for the team game?
a) Strong agree
b) Agree
c) Neither agree nor disagree
d) Disagree
3. How do you consider the electronic goalkeeper inclusion in the school to facilitate the
participation of students with disability?
a) Essential
b) Entertaining
c) Needless
4. How important do you think is the involvement of students with disabilities by means
of the electronic goalkeeper?
a) A great deal
b) Very important
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c) Ordinary
d) Needless
5. For which purpose can be useful the inclusion of the electronic goalkeeper at school?
(multiple answers allowed)
a) Nothing
b) To have fun and to give every student the same opportunities to play
c) To encourage socialization through sport
d) To include all students in sports
6. Do you think the electronic goalkeeper can be used during the activities of Physical
Education?
a) YES
b) NO
7. Do you think that the electronic goalkeeper should only be used for recreational pur-
poses?
a) YES
b) NO
8. Give briefly some criticism of the project (if you found)
9. Give briefly what are the strengths and benefits of the project (if you found)
10. Suggestions / Comments / Requests
The result of this questionnaire is reported in Table.
Question Answer options results
1 YES / NO 24 / 0
2 a / b / c / d 1 / 19 / 4 / 0
3 a / b / c 8 / 16 / 0
4 a / b / c / d 22 / 1 / 1 / 0
5 a / b / c / d 0 / 16 / 0 / 8
6 YES / NO 24 / 0
7 YES / NO 6 / 18
Table 5.3: Results of the students’ questionnaire
Question 8 showed a general satisfaction, the only critics that came out were about
the dummy visibility, since it was transparent. This problem was resolved by putting a
colored line at the border of the dummy. In question 9 almost every student who answered
said that this device is important in particular to allow disabled mates play together and
for social inclusion. All the girls and boys in fact believe that play together with disabled
mates is very important. In question 10 students wrote down just few comments similar
to the ones in question 8.
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Questionnaire for teachers
Aside with students we would like to know impressions by the teachers of physical educa-
tion involved in the test campaign. We had the possibility to involve two, and let them see
the test campaign. After the tests we asked them to answer the following questionnaire.
1. Is the electronic goalkeeper intended only as a support for recreational activities?
a) YES
b) NO
2. Do you think that the electronic goalkeeper is to be considered a valuable additional
support for the team game that can be used during the teaching of Physical Educa-
tion?
a) Strong agree
b) Agree
c) Neither agree nor disagree
d) Disagree
3. What educational value can be attributed to the electronic goalkeeper as a strategic
tool to facilitate the participation of all students in educational activities?
a) Essential
b) Entertaining
c) Needless
4. Do you think that the inclusion of students with disabilities by means of the electronic
goalkeeper is important?
a) Strong agree
b) Agree
c) Neither agree nor disagree
d) Disagree
5. For what purposes do you think that the electronic goalkeeper can be useful at
school? (multiple answers allowed)
a) Nothing
b) To offer all students the same opportunities to express themselves
c) To encourage socialization through sport
d) To include all students in sports
6. Do you think that the electronic goalkeeper can be used during activities of physical
education in schools?
a) YES
b) NO
7. Do you think that the electronic goalkeeper can be an essential part of multi-
disciplinary teaching strategies?
a) YES
b) NO
8. Express briefly some criticism or weaknesses of the project (if you found)
9. Express briefly what are the benefits of the project (if you found)
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10. Suggestions / Comments / Other
Question Answer options results
1 YES / NO 0 / 2
2 a / b / c / d 0 / 2 / 0 / 0
3 a / b / c 0 / 2 / 0
4 a / b / c / d 0 / 1 / 1 / 0
5 a / b / c / d 0 / 1 / 1 / 0
6 YES / NO 2 / 0
7 YES / NO N/A
Table 5.4: Results of the teachers’ questionnaire
Question 8 reported in one case the visibility of the dummy, question 9 in both cases
stressed about socialization and integration of people with disabilities. No answers on
question 10.
5.7 Discussion
ElGo showed very good robustness and very high performances in terms of acceleration
and average speed. This means that it can be competitive on a ground. Furthermore it
is very simple and intuitive to be controlled, also by a person with severe mobility impair-
ments. These facts allow a person with disabilities to be really competitive in the role of
the goalkeeper, in comparison with a human goalkeeper, and this can be roughly seen in
Table. In facts ElGo ensures a good probability of saving a goal to a disabled user, not
so far than the one of a non-disabled player doing the goalkeeper live. In Table we can
also see that ElGo usually gives higher likelihood to save a goal than playing live, since
it is quicker than a human goalkeeper and has a larger surface covering the goal. How-
ever these tests are really preliminary so the numbers must be confirmed with a larger
test campaign, involving at least several tens of volunteers. Our tests showed also a very
good behavior of the safety system. During around few tens hours of test showed only
three faults and all were caused by a wrong positioning of the goal infrastructure. There
were no faults in the electronic management system, nor in the other electronic boards. In
addition to the positive results given by the performances we had some very positive ones
by the user experience. As we said the most important thing is the user satisfaction, since
that our approach is definitely user-centered we must put the user in front of any other
aspects, except for safety. Results clearly show how ElGo can be used in a real situation,
for example at school, in a public park or football ground. The interview with disabled play-
ers shows how well ElGo has been accepted by user, both disabled and non-disabled, so
that they would really play again with it. Furthermore all the involved players stressed how
important can be ElGo for social inclusion and we believe that this is the most relevant
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result. Furthermore we saw a high interest in ElGo also by non-disabled users and we
believe that this fact can be useful for disabled persons’ self-esteem.
5.8 Future developments
ElGo is now developed by University of Pisa, with the support of Leo Club 108La and
Dialog Semiconductor. At present a positioning sensor is going to be developed, this will
ensure more precision in the movements. A newer prototype, featuring new mechanical
and electronic solutions will be developed in 2015, then will be donated to a secondary
school of Tuscany, the one with the highest number of motor-skilled disabled students.
The third release is expected for 2016.
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6A Novel Device for Contactless Detection of Small Body
Movements Dedicated to People with Severe Mobility
Impairments
6.1 Introduction and background
The topic of this chapter is related to neuromuscular diseases causing the progressive
disruption of muscle integrity and strength. Among them, in particular, the considered
pathology is muscular dystrophy, including Duchenne’s and Becker’s, which may lead to
the progressive lack of movement of the voluntary muscles, with the possibility of ending
into the locked-in syndrome, consisting in quadriplegia and complete lacking of speak-
ing capability in persons maintaining cognitive integrity. The present work addresses the
advanced stages of the considered diseases, in which users have lost most of their ca-
pability to control voluntary muscles and the residual movements are substantially limited
to the facial ones, in particular to nose, eyes and mouth. The proposed system is capable
to detect and recognize small movements, in the order of millimeters, of any body district.
If these movements are voluntarily repeatable in a quite accurate way by the user, so
that they are almost unambiguous, we call them gestures. Hence the system is capable
to recognize gestures (or sequences of gestures) and use them to control any electronic
device, by means of proper output interfaces connected to the processing PC. Example
of usage are the activation of a ringing bell and making an emergency phone call. In the
present chapter, the specialization of the system to the detection of small facial move-
ments of a user affected by the Duchenne’s syndrome is described, where the target
application is to raise a voluntary remote call for assistance by means of a predefined
sequence of user gestures. The particular pathology and its stage are considered signif-
icant for the application of the system to a wider set of less severe motor skill disabilities.
Furthermore, due to the scarce availability of commercial solutions for persons with very
reduced capabilities, the proposed work aims at providing a novel and important contri-
bution in the field of Assistive Technology for people with severe disabilities.
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6.2 State of the art
People with severe mobility impairments have very few possibilities to interact with the
surrounding environment due to the lack of muscular capability. Several diseases, like
Amyotrophic lateral sclerosis (ALS) and Duchenn’s syndrome, lead to a dramatic reduc-
tion of strength and function of muscles. In last years, thanks to recent innovations in the
field of AT, several devices have been developed and are commercially available allowing
to exploit every single residual movement, and allowing to interact with the surrounding
environment or to communicate with other people. For the reference users, the available
solutions [47, 48, 49] for the control of one or more functions of an electronic device or
a PC is essentially limited to eye gaze systems, devices able to detect small face move-
ments, switch devices able to detect small movements or muscular electrical activity,
voice recognition systems, brain-computer interface systems [50]. For instance persons
affected by amyotrophic lateral sclerosis, even in advanced stages, can proficiently com-
municate and interact with the surrounding environment by using a gaze system.
Figure 6.1: A person affected by ALS using an eye-gaze-based human-machine interface
These systems have become very useful and reliable but have some important issues
that prevent a simple usage in any given daily scenario. In fact they must be calibrated
very accurately with the help of a skilled caregiver before use, and if the user has been
moved from the current position, typically for a cleaning or medical action, must be cali-
brated again. For different types of disease and mobility impairment some other solutions
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exist, such as switch sensors designed to exploit any given residual capability of the user,
even very small and imperceptible ones. For instance if the user can breathe indepen-
dently sip and puff sensor can be used to produce two independent controls; if the user
can move one or both eyelids, eye-blink sensors can be exploited; if the person has a
residual nervous activity but very reduced capabilities in muscle fibers, then muscular
activities can be captured by specific muscular sensor.
Figure 6.2: A person using a sip-
puff switch sensor
Figure 6.3: Eyeblink switch sensor
Voice recognition systems are divided into Speaker Independent (SI) and Speaker
Dependent (SD) systems; SI systems allow the user the control of the PC, smartphones
and other devices without any training, but generally need a good speaking capability,
which is not present in many situations in the reference scenario, where the user may
have difficulties in speaking clearly, or with a loud voice. Moreover, SI systems suffer
from environmental noise and generally need a good quality audio chain, consisting in a
microphone placed at a closed distance from the mouth, which is not always possible or
comfortable for the user. SD systems allows the recognition of the user’s specific voice
after a training phase, allowing word recognition even of badly pronounced words, but the
word set is generally limited to a few or some words; moreover, SD systems suffer from
user’s voice alteration due for example to temporary illness and fatigue.
In recent years, brain-computer interfaces mostly based on electroencephalography
(EEG) have been developed [49], but they generally require the use of an electrode cap
that must be worn by the user and specific user’s training, which not always allows for
a comfortable use. These devices are very useful and reliable but have in common an
important issue: they must either be worn by the person or they somehow need to be put
in contact with the user. This "contact" characteristic makes switch sensors perhaps very
simple to use, but on the other hand it makes them somehow uncomfortable in many daily
scenarios, like during the night sleep and when the person moves or need to be moved
by a caregiver. Furthermore they must be put on and off by an external person, and if
their position is wrong these sensors cannot work properly. The system proposed in this
chapter has instead a different approach, based on infrared cameras, that is completely
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contact-less, and does not even need to be put close to the user but has instead to be
positioned at a distance of half a meter from the body part that has residual mobility.
Furthermore, by means of IR light, it can be used even during night. The only part of the
system in contact with the body consists in a couple of small adhesive markers that the
person needs to put on the body district to be moved, in a specific setup of the system.
6.3 System architecture
The proposed system architecture is composed of three fundamental blocks:
1. a video unit for the real-time image acquisition and an IR light source to light up the
body part with residual mobility
2. a processing unit with adequate computing power, and a specific software able to
detect and recognize the residual mobility, and extract appropriate gestures
3. a software to translate the recognized gestures into application controls or commands
to other external electronic devices
The first block consists of a pair of cameras for the acquisition of images and a light-
ing system composed of several tens of IR LEDs. The lighting system is completely ad-
justable both in the average intensity of the light and the peak value of the emitted power.
For this purpose a PWM approach and commercial LED driver are used. The cameras
are sensible both to IR and visible light, in fact using different setups of the video acquisi-
tion and of the lighting systems, and proper different processing algorithms, it is possible
working either in the visible or in the near infrared part of the spectrum, allowing sev-
eral different applications. For example IR light allows a safe and reliable usage in night
scenarios, while visible light allows an usage during the day and in presence of strong
daylight. To be noted that in presence of intense sunlight a great quantity of IR radiation
causes a reduced SNR on the processing unit, so the preferable scenario for the IR setup
is the night or a dark environment. However the software is capable to process in an ac-
ceptable way the IR signals even with a normal daylight. The light emission system may
be controlled in terms of light intensity and duty cycle, also opening to the possibility to
differentiate its contribution from the natural ambient light.
The video acquisition system is embedded in a dedicated case and lenses are sur-
rounded by the IR lighting system. For IR operation the two lenses are properly modified
in order to reject the visible part of the spectrum by means of two absorption filters.
The second block consists of a medium-high performance personal computer featuring
a Linux distribution and a custom designed software able to capture video stream and
recognize user’s gestures. Depending on the gestures to be recognized the software is
capable to process one or two video streams by combining data from the two cameras,
this allows both two and three dimensional reconstruction of the movement of the body
district involved. This software is the core of the entire system, and further details about
the processing will be provided in dedicated paragraphs. The last part of the system is
the one providing interaction with the application context. This part may vary depending
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on the target application; however it consists of a software, running on the same PC, for
translating the recognized gestures into commands, such as a data on the serial port
or via Bluetooth interface and a dedicated hardware to perform the desired action. For
instance if the target application is to ring an alarm, an external board with electronic
switches may be used, communicating with the PC by means of a serial protocol. An-
other important example is a phone call: in this case a Bluetooth dongle and a normal
mobile phone are used. From the user’s side, as we said before, the system does not
need any specific device to be worn nor any particular operation, except for the correct
positioning, helped by the program graphical interface and, in case of night usage, the
application of two IR reflective markers, with the approximate dimension of a quarter of
square centimeter. These markers are not needed if visible light is used instead of IR.
6.3.1 Processing software
The first important block of the processing software is a multi-programmable filter chain,
which is needed in order to clean the significant signal as much as possible, so to re-
construct the user’s gesture in an accurate way. The most important filters used by the
processing chain are listed below, while further details are omitted for readability reasons.
1. space-time correlators, for the association of measured points and the reconstruction
of three dimensional positions
2. high-pass filter, frequency and variable gain
3. low-pass filter, and a frequency variable gain
4. Kalman filter, for the reduction of noise and the characterization of motion
5. dynamic filters in speed and space for resistance to small shifts in the dynamics
6. projection matrices, for the adaptation of the control volume to the control surface
The combination of these components can reduce some typical noises (such as the
flicker in about 4-6 Hz typical of Parkinson’s disease), can reject spasms resulting from
the involuntary contraction of a muscle and can follow small involuntary drifts of the body
districts.
6.3.2 User gesture recognition software
The gesture recognition software is made up of different processing blocks currently used
alternately for three-dimensional (IR) or two-dimensional (visible light) applications. In the
first case the system uses the following approaches to recognize the user gestures:
1. a classifier based on neural networks trained on gestures previously loaded
2. an estimator of the distance between two tracks in 3D
3. inertia of movement re-generator with x/y
In the two-dimensional applications different processing policies are used instead,
such as:
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1. Analyzer of the state of the eye (either open or closed)
2. Analyzer of the state of the fingers of one hand, and particularly a software that
evaluates if the fingers are close to each other or not
Figure 6.4: A picture of the video acquisition hardware and the graphical user interface
(GUI) of the detection software
6.4 Application in a real context
The system proposed in this chapter has been developed thanks to the collaboration of
AT experts and end-users. By this proficient collaboration two important application sce-
narios have been identified since early stages of the project, so that the development
has led to an effective utility for the end-users. The first application aims at the recog-
nition of user gestures or movements through the detection of the pattern described by
two different points of the user’s body. The second application is based on image pro-
cessing aiming at the recognition of user gestures, like the eye-blink and the particular
configuration assumed by the fingers of one hand. In the first application scenario, IR
reflective markers are placed on two body districts of the user, assuming that these body
districts can be observed at the same time by the cameras and that have the possibil-
ity of stretch or shorten their relative distance by voluntary muscle movements. These
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districts can for example be constituted by a point on the forehead and one on the chin,
or one on another point of the face and one on the chin, or even by a point above the
upper lip and one on the lower one or on another point on the face. All the listed cases
require movements of the facial musculature, and have been chosen according to user’s
condition and the fatigue that this entails. These points are observed by the two cameras
and their relative position in the three dimensional space is evaluated. When the distance
between the two points either increases or decreases according to a pre-defined pattern,
the software recognizes a gesture; that gesture or a particular set of gestures, e.g. three
repetitions within a given time, can be interpreted as a command to perform a specific
action. It is important to note that the distance between the two points is evaluated in the
three dimensional space, allowing for a reliable detection when the two points lie on a
plane that is not parallel to the cameras one. The processing software features several
configuration parameters such as distance thresholds, overcome thresholds (a Schmitt’s
trigger-like approach), number of repetitions and more. All these parameters can be set
by means of a simple and intuitive graphical user interface provided by the PC applica-
tion itself. For the test of the application, a user suffering from Duchenne’s syndrome has
been involved. His residual movements are essentially limited to the facial muscles and
in particular to eyes, nose and mouth. The user has a quite good control of the tongue.
Following a number of experiments carried out with a previous similar system, based on
different technology, the movement of the lower lip by means of the tongue push has been
identified as usable gesture without excessive fatigue by the person. The magnitude of
the variation of the distance between the markers associated with voluntary movements
executable by the user is substantially in the order of 10 mm, in comparison with a rest
distance between the markers from 20 to 30 mm. In the first test campaign, according
to the user will, the system was configured to recognize and count the shortening of the
distance between the two markers, and if that gesture was repeated by the user for three
times within few seconds, the system raised an alarm. When the time span between two
gestures overcomes a pre-defined threshold the count was reset by the system. This pol-
icy has been kept in order to better recognize voluntary actions and minimize the raise
of unwanted alarms. In order to allow the user to be aware of the system condition, a
visual pre-alarm on the display and an audible warning are raised when a first gesture is
recognized, so that the user is informed of the status of early warning and may decide
either or not to make further movements for a few seconds to get out of this condition or
make two more gestures to raise the alarm. The final application is to make a phone call
to a one or more pre-defined numbers, in order to warn a relative or a caregiver. To this
aim a Bluetooth interface is used to communicate with an appropriate mobile phone. The
detection system is suspended above the user using a special articulated arm attached
to the wall; as said before cameras are mounted at a distance of about 50 cm from the
face of the user, allowing a caregiver to operate on him for cleaning or medical activi-
ties. Once the system is installed near the user, the service personnel must only apply
the markers on the face of the user, place the detection system in the working position ,
launch the application on the PC and set thresholds through a semi-automatic procedure.
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At that point, the application is ready to activate the call to the mobile phone in the case of
recognition of the gesture pattern set. Obviously, the parameters can be saved between
sessions, thus minimizing the number of operations to be performed by the assistant.
6.5 Results
The test campaign conducted in a real operating environment highlighted the possibility
to reconstruct with sufficient accuracy the position of the two markers and the consequent
possibility of detecting the variation of the distance between them with a few millimeter
accuracy, even at distances between devices and the face of some tens of centimeters. It
has been tested that the user can easily raise an alarm or make an emergency phone call
by using a given gesture. Some issues of the IR application were highlighted in presence
of strong ambient sun lighting or temporary transit in the scene of detection of objects
that cause strong light reflections, such as some particular clothing, or as a result of the
intervention of an assistant to perform some actions in the field of detection. The system
was tested for the detection of movements of facial muscles, however the developed
technology make plausible the use of the system for the detection of movements of other
body parts, thus expanding the application scenario to other disabilities and potentially
also to more sophisticate pattern recognition for the control of applications that require
more than one control input.
6.6 Conclusion
In this chapter a novel system allowing people with severe mobility impairments to interact
with the surrounding environment is presented. The proposed system is able to recognize
several kinds of user gesture by observing the body district with residual mobility. The
developed technology can be used both during the day and the night, by means of a near
infra-red lighting system and infrared and visible spectrum cameras. Furthermore the
processing software can be set up in order to adapt to a relevant number of user gestures,
even small, such as mouth opening-closing, eye blink, chin movement and many more.
Unlike most of other AT devices the proposed system is completely contact-less, allowing
a comfortable user experience. The proposed device is specifically designed for a few
cases of persons with severe mobility reduction; however it is an important result since
those persons have very few possibilities to interact with the surrounding environment. In
the near future some other tests with users will be carried out, both by developer’s team
and independently by the service personnel and caregivers.
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7.1 Introduction
University is an important step in the development of personal and professional pro-
file. Although declining, the annual number of University students in Italy is quite high,
amounting in 2012 to over 280,000 units [51]. In general, the University period can be
hard because of many reasons such as the different approach to study compared to high
school and the need to travel to and from University or to relocate in a new town. For dis-
abled students University can be even more difficult for several reasons: they can have a
relevant number of logistical problems, they can have difficult access to learning contents
and tools like books and the personal computer (PC). This situation may cause a strong
discouragement in relation to their own capacity and may lead to give up their studies.
In many cases the service units located within Universities, by Law 17/1999, such as
the Unit of Services for the Integration of students with Disabilities of University of Pisa
(USID), do a great job providing the disabled student with an excellent and updated ser-
vice and with all kind of supporting materials. Unfortunately, the USID mostly guarantees
logistical support while a multidisciplinary assistance would be the best for the purpose,
as described also in [52, 53, 54]. Furthermore the USID does not include a team of ex-
perts to support students in the selection and configuration of AT so the student has to
rely on external services. Even though this can be quite easy for local students it be-
comes very hard for students coming from other regions. In Italy an essential service
for disabled students is provided by the "Technical Aids Competence Centers" (a part
of Italian national health-care service) [55]. Among other activities, they provide support
to students with disabilities to identify the most suitable technical aid for each type of
disability. Unfortunately, very rarely there is a strong link between University and these
centers and so it is not common to have the opportunity to work together for supporting
students’ special needs. Furthermore, high school students are facilitated by the pres-
ence of parents, relatives, friends or care givers, while at university, especially for off-site
students, this support may not be present. Aids centers and service units can play an
important role, but in the last years information technology tools (such as development
tools, CAD software, word processors and simulators) have become increasingly popu-
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lar during university and their configuration and use often require advanced and specific
skills.
Figure 7.1: Assistive technoloy is made of equipment and professional services
This results in a growing difficulty for health-care staff in helping university students; it
may happen that, even if students are provided with the appropriate material, the training
and access to the tools is not guaranteed or supported enough [56]. Given this scenario,
it is clear that a significant improvement can be made. This inspired our project, which
aims at giving to the disabled students the best instruments, in order to carry out their
own university studies at the best of their potential. The staff is composed by three sep-
arate structures: the USID, which is the first interface for the student, the Local Sanitary
Unit (USL), which participates with a number of relevant experts skilled in providing social
and health-care services including AT provision, and the Department of Information Engi-
neering of the University of Pisa (DII), which provides a team of experienced researchers
in the field of AT both from the hardware and the software point of view. Therefore this
project aims at providing any tool and support to facilitate students with disabilities during
their university studies, both in terms of technological devices, training, configuration and
customization of the instruments.
7.2 Methodology
As a sort of state-of-the-art, we first compared our idea with other methodological ap-
proaches described in relevant works [52, 53, 54], trying to adapt and transfer those kind
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of results in our context. Then, we established a link with the aid centers placed in the
territory and in particular with the Laboratory for Aids, Communication, Learning and Au-
tonomy of Fornacette (named LAPCA), in order to compare a multidisciplinary team (IT
engineering plus health-care) to a standard working group of the national health service.
Since the early stages it has emerged that a figure with technical skills in electronics and
computer science can add a significant value to the medical staff.
A multidisciplinary group of experts in AT with different skills has been created. Among
these there are indeed speech therapists, physiotherapists, psychologists, sociologists,
doctors and researchers in IT engineering, all characterized by a significant experience in
the field of disability. The project involved around a dozen of professionals. The method-
ology adopted is theoretically divided into a first phase of information to students with
disabilities by the USID, a second stage of intervention and a final period of follow-up.
Whenever a disabled student has a particular request to the USID a meeting with the
team is organized. After evaluating the requirements of the student an internal procedure
is activated, which is different every time, depending on the nature of the requests. In
figure a brief representation about connections between the three structures is shown.
Figure 7.2: A schematic view of the players involved in the project and their roles
The presence of staff skilled in different areas is fundamental because, as it often
happens, one aspect may depend on many factors, so a multi-disciplinary approach is
required taking into consideration the person as a whole. For example, the student who
wants to access the PC may need a special mouse emulator, and the use of this might
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need that the student takes a particular posture on his chair. Therefore it is clear, from
this trivial example, that the single request can easily involve both technical skills, for the
selection and configuration of the emulator, and health professionals, for the part related
to the correct posture of the person. The services offered to students with disabilities
were many and various. An exact way to describe them is not easy because each person,
through a unique combination of skills, cognitive abilities and needs, is a special case.
The required actions must be structured each time in a different way and in the presence
of different experts. In the following paragraphs, some examples of the actions carried
out within the project are described.
7.2.1 Consulting and Evaluation
Sometimes it happens that the solutions available on the market are not known or are
not accepted by a person, either for personal or external reasons. In other occasions
it happens that a specific device or a software is used only partially, usually for lack of
specific knowledge. In these cases the duty of the personnel involved in the project was
to evaluate the aids currently used by the student, and possibly, after a careful evalua-
tion, suggest the most appropriate solution. The procedure used is the same applied by
LAPCA, which has been developed through years of experience and successfully applied
in hundreds of cases [56].
7.2.2 Technical Support and Training
The technical aspect is often overlooked because it is not a tool itself but rather a means
to make the instrument operate correctly. Very often it is instead a critical aspect. In fact
it may happens that a software stops being used because the owner does not have the
right skills to solve common problems, like manage the license, the lack of updates or
any malfunctions caused by installing other software on the same operating system. Re-
garding electronic devices it often happens that, even in the presence of trivial problems,
the object remains for long time at the respective repair center, causing the user lose the
advantages obtained by the device. In addition, many devices require a correct configu-
ration, and this usually needs specific skills. These facts are mandatory in order to take
full advantage of the device and to allow the person use it easily and correctly. A team
of experienced IT engineers assisted students in the installation and configuration of any
electronic aid and the solution of many common problems. Note that in Italy this type of
skills is not normally present within the permanent staff of an aids center, except in rare
cases such as the Ausilioteca of Bologna [57].
7.2.3 Customization
Sometimes, in addition to a configuration of a commercial device or software, a person
may need a custom adaptation to better suite his own needs. For example the ergonomic
modifications of the handle of an object, the addition of inputs to an electronic device
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or the creation of a special software to enrich those already used with new functions.
Many of these interventions can be carried out independently by engineers of the team,
obviously with particular respect to the patents and to the compliance of any electronic
device.
7.2.4 Designing from scratch
A new aspect of this project is the involvement of a research and development unit of the
DII, which is able to develop new devices specifically designed on the user’s requests,
thanks to its extensive experience designing hardware and software in various projects
dedicated to the disabled users.
7.3 Results
One of the best results was undoubtedly the cooperation established between the vari-
ous structures and the intense exchange of knowledge derived from it. This fact certainly
enriched the personal and professional profile of each operator with positive feedback in
the quality of the own daily work. During the two years of the project the team carried out
many consulting, training and technical support to students with disabilities. As examples
it is briefly reported a couple of cases that required respectively a customization and a
design from scratch. (i) XX is a boy enrolled in the second year of the course of natural
sciences. His most important request was to have access to the computer. As having a
physical disability in the upper and lower limbs he cannot use both traditional interfaces
(mouse and keyboard) and commercially available emulators. After a long analysis and
many tests, the solution that we suggested was the use of Dragon Naturally Speaking
in conjunction with a free mouse emulator, eViacam. Additionally, we dealt with a phase
of training and we added an external control for switching on/off the equipment. We also
equipped the system with a wireless microphone so ensuring freedom of movement in-
side his home. Note that the student had had the opportunity to try the software in the
past and had to give up because through the audio chain used at that time could not
get satisfactory performance. At the end he shared many positive impressions about the
program, contrary to what it was reported during the first meeting. (ii) YY is a visually im-
paired student enrolled in the first year of mechanical engineering. He had experienced
difficulty in reading the text written by the teacher on the blackboard or projected in the
classroom. So we had to find a technology solution that would be compatible with his
visual ability and the various teaching methods of teachers. After an analysis of available
software solutions (TightVNC, FreeRDP, FreeNX, Neatx and more) it was decided to de-
velop an ad-hoc solution. The idea is a client-server software that transmits the video of
the PC used by the teacher (and projected in the classroom) by a wireless network to
the notebook on the desk of the visually impaired student. The developed application has
been written in Java and exploits an innovative image encoding technique to reduce the
latency of the system within 2/3 seconds. The only requirement is to install a Java Virtual
Machine both on the student’s and teacher’s PC.
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7.4 Conclusions
Thanks to this project a multidisciplinary working group was established including pro-
fessionals from University of Pisa and Public Sanitary Systems providing complementary
skills for students with disabilities. This allowed the development of a methodology to
support the students with disabilities enrolled at the University of Pisa starting from the
analysis of the special needs, selection and provisioning of most appropriate technical
aids and relevant training. Moreover, in some cases followed during the first year, we also
designed and realized new AT solutions to meet specific educational needs which do not
find any answer among the commercially available products. The successful collabora-
tion within the project was also the opportunity to think and propose new activities for
supporting the student with disabilities in the selection of their university career and to
provide a complete set of information about their daily life in Pisa area, i.e. health-care
services, rehabilitation services, sports, leisure, etc.
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8.1 Introduction
Nowadays many older people live alone and the main risk of injuries is due to accidental
falls. This fact represent an important social problem, because it is estimated that 40 %
of people that are more than 65 years old and live at home fall once a year, and 1/40 of
them are hospitalized [58]. Of those people admitted to hospital after a fall, only about an
half will be alive a year later. Additionally, 43.7 % of all domestic accidents are caused by
accidental falls [59], which are the main cause of hospitalization and death. The relevance
of this problem can be easily understood especially because, with the increase of life
expectancy, many people suffer from degenerative diseases, like the Parkinson’s disease.
The psychological aspect must be considered, too, because people getting ambulation
problems due to a fall may not trust anymore to move alone, and this leads to depression,
social isolation, the necessity of a continue assistance. The main problem of an accidental
fall is represented by the fact that the person may not be able to call for help and might
rest on the ground for a lot of time, with the worsening of his/her physical conditions. For
this reason, many systems that can monitor and detect an accidental fall are described in
literature. Different approaches to the fall detection are commonly used: camera-based
systems, ambient-device or wearable-device approaches. In the first case, cameras in the
visible or infrared spectrum monitor the environment and particular algorithms analyze
the captured video to recognize a fall event. In the second case, a network of ambient
sensors detect and analyze the movements of the person to identify a fall. Both these
approaches are not invasive for the person, but systems based on them can work only in
an environment where sensors or cameras are installed, preferably an indoor domestic
environment. With the third approach, which is also the one adopted in the present work,
a wearable device is used. The main advantages of this approach are represented by the
fact that the wearable device can be utilized without any setup and in every environment,
potentially also in outdoor situations, and it can be integrated in a more complex system
able to monitor also other parameters, like the physical activity of the person, the blood
pressure and the heartbeat. The Shimmer [60] is a small wireless sensor platform that
can record and transmit physiological and kinematic data in real-time and can be used
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to develop applications like fall detection. The device transmits data through a Bluetooth
connection to a base station or a smartphone. The total cost of the device is quite high
and the battery life short. Other similar devices are the ActiGraph [61], the Nuvant [62]
and the Sensium [63]. They use a Wi-Fi connection to a base station, so that their use
is limited to the range of the wireless connection. In this work a device developed to
specifically perform fall detection , is presented, having no other measuring functionalities
of physiological parameters. The system was specifically designed to have a small size
and a long battery life. A GSM module is used to launch an alarm after a fall recognition,
so that there is no necessity for a base station and for the user to remain within the
communication range from it. Concerning the use in outdoor scenarios, the only limit of
the proposed system is the lack of a GPS receiver, so that when the alarm is launched, it
cannot be integrated with information on user’s position.
8.2 Fall detection algorithm
The majority of the actual fall detection algorithms uses a threshold detection scheme
that may result in a high level of false positives. Inertial sensors are used to detect the
movements of the person: when a threshold in some kinematic parameter is overcome,
e.g. acceleration, a fall is considered to have occurred. The fall detection algorithm used
in this work uses a particular approach to reduce the presence of false positives. An
accelerometer is used to sense the movements of the person. A class of movements rep-
resented by normal activities of daily living (ADLs) present acceleration patterns similar
to those of a fall, and can therefore lead to a false fall detection. The original algorithm
identifying a fall, starting from acceleration data, was developed in [64]. Our algorithm
applies a filtering on the accelerometer data in a time interval around the exceeding of
the threshold in order to try detecting ADLs. If an ADL is not detected after the threshold
exceeding, a fall is considered to have occurred and the alarm is raised. Three ADLs can
be detected by our algorithm:
1. Sit down and lie down quickly on a soft surface
2. Sit down on a rigid surface
3. Jump and run
On the developed device, the microcontroller receives acceleration data from a triaxial
accelerometer at a 50 Hz sampling rate. A potential fall is identified when:
1. The acceleration has a peak greater than 3 g;
2. This peak is followed by a time interval of 1200 ms without any other peak exceeding
the threshold.
Our tests with volunteers showed that the first condition allows having a 100 % fall detec-
tion sensibility, while the second condition is introduced to consider that an older person
does not perform any significant movement immediately after the fall.
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8.2.1 Hardware implementation
The algorithm was initially developed and optimized on a PC using accelerometer data
previously acquired. Subsequently, the algorithm was implemented in firmware on the mi-
crocontroller embedded on the iNEMO development board and it was tested in real time
using some volunteers, see reftable:identity, performing ADLs and falls. Test descrip-
tion and results are reported in reftable:volunteers, and were performed with a prototype
board constituted by the iNEMO development board interfaced with the SIM900 GSM
module, see figure 8.1.
Figure 8.1: The first prototype with the iNemo board (left) and the GSM module (right)
During the present work, an integrated board with only the accelerometer, the micro-
controller, the GSM module and the needed electronics was designed. Special attention
was paid in order to design a small form factor board with low power consumption to
maximize wearing comfort and battery life. The board has a STM32 ARM Cortex-M3 mi-
crocontroller, the same used on the iNEMO board, so that the same firmware can be
used. A LIS3DH triaxial accelerometer is used. The SIM900 GSM/GPRS module is in-
terfaced with the microcontroller through the UART interface. A power regulator and a
battery management system are added to the board to allow the use of a Li-Po battery.
The board size is 40mm x 50mm and the current consumption is about 5 mA.
8.2.2 Experimentation and test results
Figure 8.2 shows a typical acceleration path of a fall.
The iNemo prototype board was tested with three different volunteers, see reftable:identity,
that performed each action reported in reftable:volunteers. Each action was performed
40 times. The prototype board was fixed on the chest, simulating a future use in com-
bination with an electronic patch. The results of the experimentation are summarized in
reftable:volunteers, which shows the overall results for all the actions done by the three
volunteers. All the falls were correctly detected, while there were a 5 % of false positives,
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Figure 8.2: The first prototype with the iNemo board (left) and the GSM module (right)
which were not identified as ADLs and therefore misinterpreted as falls. The current con-
sumption design allow for the fall detection system to be used for several days without
the need to recharge the battery.
User Sex Age Height Weight
U1 Male 24 185 cm 73 kg
U2 Female 49 155 cm 49 kg
U3 Male 51 170 cm 82 kg
Table 8.1: Identity of the volunteers used for the experimentation
Activity Number of executions Right detections Error type
Quick sit on a chair 120 118 Fall detected
Quick sit on a sofa 120 119 Fall detected
Lie down on a bed 120 118 Fall detected
Jump 120 117 Fall detected
Fall 120 120 No errors
Table 8.2: Result of the test with three volunteers
8.2.3 Conclusions
In this work a new fall detection system is presented. An integrated board with a mi-
crocontroller, an accelerometer and a GSM module was designed to implement a new
algorithmic approach to fall detection. The algorithm identifies the ADLs that present an
acceleration pattern similar to a fall. A fall alarm is launched only when, in case of a
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threshold exceeding, an ADL is not recognized. The integrated board with the GSM mod-
ule allows for a small wearable device having low power consumption and a long battery
life. Thanks to the GSM module, the device can be used also in outdoor scenarios, wher-
ever a GSM signal is present.
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9Conclusions
The present PhD thesis work is mainly focused on ICT technology for persons with dis-
abilities. After a short introduction about what Assistive Technology means and who use it
we saw some of the most important socio-economic aspects of the AT scenario and why
research and development by universities and public research centers are so important
in this field, more than in others.
Then we had a look at the state of the art of AT, particularly about the last innovations
of electronics devices.
In the next chapters we saw some of the contributions that the candidate gave to the
field of AT.
The main objectives of the research are an improved quality of life, also more safe,
and better social integration between people with and without disabilities in human envi-
ronments in which the presence of people with disabilities is usually very scarce, like the
outdoor gaming.
To this aim we saw several projects carried out by the candidate, concerning different
application scenarios:
1. In chapter 4 a device that can allow a person with quadriplegia use a portable de-
vice such as a smartphone and a tablet is presented. In fact portable devices are
particularly important in these years since they are pervasive and useful for persons
with disabilities to stay in touch with friends and relatives and to get a lot of useful
information from the Internet
2. In chapter 5 we saw how to improve the social integration of people with and without
disabilities in a popular outdoor gaming scenario such as non-competitive football.
The ElGo project in fact allows persons even with severe mobility impairments to play
live football in the role of the goalkeeper with approximately the same performance
as a human goalkeeper.
3. In chapter 6 we saw instead a device that mainly helps people with severe mobility
impairments at home, ensuring more safety. This device can for example be used by
the bedridden person to raise an alarm and call a caregiver in case of emergency
both during day and night.
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4. Chapter 7 regarded university students. In fact the project aimed at the creation of
a multidisciplinary team of specialists in the field disability who can help students to
select, train, operate and even develop ad-hoc, the most suitable AT solution for study
purposes of disabled students of the University of Pisa.
5. The last chapter 8 focuses mainly on safety of people with walking issues, so mainly
persons with a lack of coordination in lower limbs, typically due to seniority or injuries.
The device proposed in this chapter regards fall detection, and helps to limit the bad
consequences of an accidental fall, by revealing in real-time the event and sending
an alarm to a caregiver.
All the research activities presented in this work are responding to a new demand for
AT devices by people with disabilities and try to give Solutions to the new Challenges on
Assistive Technologies.
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fania, Ivano, Valentina, Emanuele, Rachele, Sara e Diletta. Ringrazio anche tutti gli altri
103
amici e conoscenti che incontro purtroppo meno di quanto vorrei, ma comunque sempre
volentieri, e che mi scuseranno se non riesco a citarli uno per uno.
Un caloroso saluto a tutto il gruppo scout AGESCI Capezzano 1, che ha significato
molto nella mia vita e che tutt’ora rappresenta un elemento importante, e un ringrazia-
mento particolare a tre persone che hanno dato un forte contributo alla mia formazione
come scout e come uomo: Riccardo, Giovanni e Andrea.
Ringrazio e saluto anche i tantissimi amici, conoscenti e colleghi che hanno condiviso
con me un pezzo di strada e che adesso per un motivo o per un altro, camminano su
sentieri differenti, e mi auguro che possano tutti godere di un presente e di un futuro
meraviglioso.
Voglio ringraziare anche le persone che attualmente mi sono più vicine nella nuova
vita lavorativa in Belgio, in particolare Alberto e Federico e tutti i colleghi di Cochlear e di
VeroTech.
Infine ringrazio tutte le persone che a loro modo, come disse e fece il fondatore dello
scautismo Baden-Powell, si impegnano ogni giorno per lasciare il mondo un po’ migliore
di come lo hanno trovato.
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